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1.0  SUMMARY 


1.1  Contract  Description 

This  contract  focused  on  the  physics  of  Coherently  Coupled  Phase  Conjugators 
and  the  feasibility  of  these  devices  for  inertial  sensing.  The  effort  began  with  a  simple 
theoretical  description  of  the  nondegenerate  oscillation  in  a  linear  double  phase- 
conjugate  oscillator  (DPCO)  due  to  nonreciprocal  phase  shift,  and  it  could  explain  the 
operation  of  a  linear  position  sensor  and  a  phase-conjugate  gyro.  This  was  followed  by 
the  first  experimental  observations  of  oscillation  and  beat  frequency  in  photorefractive 
double  phase-conjugate  ring  oscillator  (DPCRO)  with  nonreciprocal  phase  shift,  using 
both  the  self-pumped  and  externally  pumped  phase-conjugate  mirrors  (PCM's).  The 
effort  culminated  with  the  impressive  demonstration  and  understanding  of  the  frequency 
locking  behavior  of  a  photorefractive  phase-conjugate  ring  oscillator  (PCRO)  due  to 
contradirectional  coupling  of  either  a  coherent  or  an  incoherent  seed  beam.  A 
theoretical  study  of  the  nondegenerate  oscillations  in  an  externally  driven  Fabry-Perot 
cavity  with  an  intracavity  phase-conjugate  element  was  also  carried  out  under  this 
contract. 


1.2  Scientific  Problem 

Two  phase-conjugate  mirrors  with  gain  are  coherently  coupled  by  the  oscilla¬ 
tion  that  builds  up  between  them.*'^  This  is  called  a  double  phase-conjugate  oscillator 
(DPCO).  DPCO's  have  many  interesting  properties  that  can  be  used  to  make  sensors. 
For  example,  the  frequencies  of  the  counter  propagating  oscillations  are  independent  of 
the  reciprocal  optical  path  length  of  the  resonator,  and  depend  on  the  nonreciprocal 
optical  path  length.  Since  inertial  effects  produce  nonreciprocal  phase-shifts,  the  device 
can  be  used  to  sense  motion  with  improvement  in  the  frequency  locking  characteristics 

because  the  two  counterpropagating  waves  support  each  other  and  do  not  compete  for 
4  5 

gain.  ’  Under  this  contract,  we  studied  in  great  detail  the  frequency  locking  behavior 
of  a  photorefractive  DPCRO  and  PCRO  both  theoretically  and  experimentally.  As  a 
result  of  our  work,  we  now  have  a  clearer  understanding  as  to  why  only  coherent 
backscattered  (or  seed)  light  will  cause  frequency  locking  due  to  competition  between 
the  various  gratings,  whereas  incoherent  backscattered  light  will  not  affect  the 
frequency  locking  behavior.  The  observation  of  higher  harmonics  of  the  beat  frequency 


I 

C11264DD/ejw 


Rockwell  International 

Science  Center 


SC5538.fr 

in  the  photorefractive  PCRO  has  been  accounted  for  theoretically,  and  the  experimental 
results  are  in  good  agreement  with  theory.  In  addition,  we  theoretically  examined  the 
nondegenerate  oscillations  in  an  externally  driven  Fabry-Perot  cavity  with  an  intracavity 
phase-conjugate  element  under  this  contract . 

1.3  Progress  Summary 

Many  areas  of  significant  progress  achieved  under  this  contract  are  directly 
related  to  coherently  coupled  phase  conjugators  and  their  applications  to  inertial 
sensing.  These  include: 

•  Formulation  of  a  simple  theory  for  nondegenerate  oscillation  in  DPCO  that 
explains  the  operation  of  a  linear  position  sensor  and  a  phase-conjugate  gyro. 

•  First  experimental  observation  of  oscillation  in  a  self-pumped  DPCRO. 

•  First  experimental  observation  of  oscillation  in  an  externally  pumped  DPCRO, 

•  First  experimental  measurement  of  the  beat  frequency  due  to  a  nonreciprocal 
phase  shift  in  an  externally  pumped  DPCRO. 

•  First  experimental  study  of  the  effects  of  incoherent  contradirectional 
coupling  on  the  beat  frequency  of  an  externally  pumped  DPCRO. 

•  First  theoretical  modeling  of  frequency  locking  due  to  a  coherent  seed  beam  in 
a  photorefractive  PCRO  with  nonreciprocal  phase  shift. 

•  First  experimental  measurements  of  frequency  locking  due  to  coherent  seeding 
in  a  photorefractive  PCRO  with  nonreciprocal  phase  shift. 

•  Theoretical  formulation  of  the  nondegeneraie  oscillations  in  an  externally 
driven  Fabry-Perot  cavity  with  an  intracavity  phas?  s.on>'>gate  element. 

Details  of  this  progress  are  presented  in  Section  2.0,  and  in  the  publications  included  in 
this  report  as  Appendices. 

1.4  Publications  and  Presentations 

1.  M.3.  Rosker,  R.  Saxena,  and  I.  McMichael,  "Measurement  of  Frequency 

Locking  in  Externally  Seeded  Phase-Conjugate  Ring  Gyroscopes,"  submitted  to 
Opt.  Lett. 
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2.0  PRCXIRESS 


2.1  Theory  of  NorKtegenerate  Oscillation  in  a  DPCO 

Consider  the  linear  oscillator  formed  by  two  phase-conjugate  mirrors  PCM  a 
and  PCM  b  as  shown  in  Fig.  1.  The  roundtrip  phase  condition  is  given  by, 

♦q  -  ♦  Au  L/c  ♦  ipjp  =  2nTi  (1) 

where  ♦g  and  ♦jj  are  the  phase  shifts  for  reflection  from  the  phase  conjugate  mirrors  a 
and  b  respectively,  Aw  =  uj  -  ^2  is  the  frequency  splitting  between  the  counterpropagating 
oscillations  (note,  if  uj  =  wq  ♦  Au/2,  where  wq  is  the  pump  wave  frequency  for  the  phase- 
conjugate  mirrors,  then  ^2  =  “o  '  ^  length  of  the  resonator,  and  is  the 

roundtrip  nonreciprocal  phase  shift  in  the  resonator.  To  gain  some  insight  into  how  the 
phase  condition  determines  the  frequencies  of  oscillation,  we  make  three  simplifying 
assumptions.  First  we  assume  the  case  of  weak  coupling  for  which  the  phase  of  the  phase 

L  7 

conjugate  reflection  is  given  by  * 


(2) 


where  #1  and  #2  phases  of  the  pumping  waves,  is  the  phase  of  the  incident 

wave,  is  the  phase  of  the  complex  change  in  index,  and  is  the  phase  shift  of  the 
grating  with  respect  to  the  intensity  pattern.  Second,  we  assume  that  the  frequency 
shift  is  small  so  that  ig  ■  «gQ«Aw  r/2,  where  ^gQ  is  the  phase  shift  of  the  grating  in  the 
absence  o.  any  frequency  shift,  and  r  is  the  response  time  of  the  phase-conjugate 
mirror.  Third,  we  assume  the  phase-conjugate  mirrors  are  identical,  or  the  same,  so  that 
=  *g2  -  agjj  s  Aw  1.  Substauiing  into  Eq.  (1)  we  obtain  the  frequency  splitting  of 
the  zeroth  order  counterpropagating  modes, 


Aw  =  (t  *  L/C).  (3) 

Equation  (3)  shows  that  the  beat  frequency  is  directly  proportional  to  the  nonreciprocal 
phase  shift  in  the  OFCO,  the  constant  of  proportioisality  being  inversely  proportiorusl  to 
the  response  time  of  the  PCM  and  tl«  cavity  roursd  trip  time. 
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PCM  •  PCM  b 

Fig.  1  Double  phase-conjugate  oscillator  (DPCO)  formed  by  two  phase-conjugate 

mirrors  PCM^  and  PCM^j. 

2.2  Observation  of  Beat  FrequerKry  in  a  Self-Pumped  DPCRO 

The  experimental  setup  of  our  self-pumped  DPCRO  is  shown  in  Fig.  2.  Light 
from  an  argon  laser  is  irurident  on  a  BaTi03  crystal  to  form  a  self-pumped  'Vrat" 
conjugator.  The  ring  resonator  is  then  formed  by  mirrors  Ml -M3  and  the  crystal. 
Greater  than  unity  phase-conjugate  reflectivity  via  four-wave  mixing  in  the  crystal  (the 
incident  light  from  the  laser  and  its  conjugate  reflection  provide  the  counterpropagating 
pump  waves)  is  the  gain  source  for  the  bidirectional  oscillations.  The  outputs  from  Ml 
were  combined  and  beat  on  detector  D.  As  predicted  by  Eq.  (3),  in  the  absence  of  any 
nonreciprocal  phase  shifti  the  frequencies  of  the  bidirectional  oscillations  are  very  nearly 
degenerate,  and  we  measured  a  beat  frequency  -  10'^  Hz.  When  a  Faraday  cell  was 
placed  in  the  oscillator  to  produce  a  nonreciprocal  phase  shift,  the  bidirectior^al 
oscillations  became  norvfegenerate,  and  we  measured  a  beat  frequency  -  0.2  Hz.  The 
qualitative  dependence  of  the  fringe  motion  at  detector  D  on  the  magnitude  and 
direction  of  the  magnetic  field  applied  to  the  Faraday  cell  agrees  with  the  theory. 

2.3  Observation  of  Beat  Frequency  in  an  Extcriwlly  Pumped  DPCRO 

Using  the  experimental  setup  shown  m  Pig.  3,  we  demonstrated  tlie  ability  of 
the  double  phase-conjugate  ring  oscillator  to  sense  nonreciprocal  intracaviiy  phase  shifts, 
and  investigated  the  feasibility  of  usu^  the  oscillator  as  a  rotation  sensor.  Light  from  an 
argon  ion  laser  with  the  iniracavity  etalon  removed  is  split  by  BSl  into  two  pump  beams 
that  are  then  directed  into  a  BaTtOj  crystal  by  mirrors  Ml -M3  as  sliown.  Greater  than 
unity  phase-conjugate  reflectivity  via  four-wave  mixing  in  the  crystal  is  the  gain  s«xirce 
for  the  bidirectional  oscillations  in  the  ring  formed  by  the  PCM  and  mirrors  M(i-.M6.  The 
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Fig.  2  Experimental  setup  of  the  self-pumped  DPCRO. 


Faraday  cell  in  the  osci’i:  tor  is  used  to  produce  a  norueciprocal  phase  sfufi,  as  would  be 
produced  by  the  Sagnac  effect  if  the  cavity  were  rotated.  When  a  nonreciprocal  phase 
shift  is  iruide  the  ring  cavity,  the  counterpropagatir\g  beams  no  longer  have  the  same 
frequef>cy,  and  a  beat  frequer»cy  proporliorval  to  the  nonreciptocal  phase  shift  can  be 
detected  in  the  conibined  outputs  at  BS2.  We  measured  a  beat  frequervy  -  10*^  H2  in  the 
absertce  of  any  rsorveciprocal  phase  shift,  and  a  beat  frequency  -  0.2  H2  was  measured  in 
its  presence.  Also,  the  beat  frequency  had  the  expected  linear  dependence  on  the  non- 
reciprocal  phase  shift  induced  by  the  Faraday  rotator  inside  tfie  ring  oscillator,  as  shown 
in  Fig.  4.  In  this  plot  the  nonreciprocal  phase  shift  has  been  expressed  m  terms  of 
the  bias  frequency  (Av)  tlvai  tfie  Faraday  rotator  would  introduce  between  tlie 
counierpropagating  beams  of  a  standard  rin^  laser  gyro.  Due  to  tfie  slow  response  of  tfie 
BaTiOj  crystal  the  sensitivity  of  the  ring  oscillator  is  scaled  dow-n  by  a  factor  of  L/(ci), 
w'hcre  L  is  the  perimeter  and  length  of  the  ring  resonator  and  t  u  the  response  time  of 
the  photorefracttve  PCM. 
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Fig.  3  Experimental  arrangement  used  to  examine  the  beat  frequency  in  an  externally 
pumped  DPCRO. 


Bias  Frequency  Difference  (MBz) 

Fig.  4  Beat  frequency  between  the  counterpropagating  oscillations  as  a  function  of 
bias  frequency  introduced  by  the  Faraday  rotator. 

2.4  Frequency  Locking  in  a  Ring  Phase-Conjugate  Gyro 

The  rotation  sensing  ability  of  a  conventional  ring  laser  gyroscope  is  limited  by 
the  onset  of  frequency  locking  (zero  beat  frequency)  at  low  rotation  rates.  This  happens 
due  to  coupling  of  the  otherwise  independent  counterpropagating  laser  oscillations  by 

O 

backscattering  from,  for  example,  the  mirror  surfaces  and  gain  medium.  A  ring 
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resonator  containing  a  phase  conjugate  mirror  with  gain  can  also  act  as  an  optical 

li  5 

gyroscope,  with  improved  locking  characteristics.  ’  We  have  studied  the  frequency 
locking  behavior  of  a  ring  phase  conjugate  optical  gyroscope  both  theoretically  and 
experimentally.  The  phase-conjugate  mirror  is  a  photorefractive  crystal  that  phase 
conjugates  an  input  beam  via  four-wave  mixing.^®  The  dynamics  of  beam  coupling  in  the 
medium  are  described  by  the  coupled-wave  equations  for  the  beam  amplitudes,  and  an 
equation  for  the  temporal  buildup  of  the  photorefractive  grating.  We  use  boundary 
conditions  appropriate  for  a  ring  cavity  with  nonreciprocal  phase  shift,  and  use  nonzero 
values  for  a  weak  seed  beam  at  pump  frequency,  injected  into  the  oscillator  along  the 
same  direction  as  the  phase  conjugate  output. 

The  frequency  difference  between  the  counterpropagating  waves  is  studied  as 
a  function  of  the  seed  intensity  and  the  nonreciprocal  phase  shift  using  the  experimental 
geometry  shown  in  Fig.  5.  The  experimentally  observed  behavior  of  the  beat  frequency 
with  time  at  20°  nonreciprocal  phase  shift  and  for  various  seed  powers  is  shown  in 
Fig.  6.  In  each  case,  seed  light  was  first  introduced  into  the  cavity  at  time  t  =  0.  At  the 
lowest  injection  levels,  the  beat  behavior  was  sinusoidal  and  was  almost  indistinguishable 
from  the  no  seed  case.  As  the  seed  level  was  inc\.  ised,  significant  deviation  from 
simple  sinusoidal  behavior  was  seen.  As  the  the  s..id  level  was  further  increased, 
complete  frequency  locking  of  the  oscillator  was  observed  at  normalized  seed  level  of 
2x10,  as  evidenced  by  the  lack  of  fringe  motion  shown  in  Fig.  6. 

In  Fig.  7,  we  plot  the  beat  signal  Kt^)  as  a  function  of  normalized  time  t^  at 
various  seed  levels  e,  keeping  the  other  parameters  fixed  at  the  following  values;  the 
coupling  strength  yl  is  equal  to  2,  the  product  of  the  mirror  reflectivities  in  the  ring 
(=  ri  T2  =  R)  is  0.25  and  the  one-way  nonreciprocal  phase  shift  is  20°.  For  the  case  of 
no  seed  (we  take  e  =  10”  for  a  self-starting  process  initiated  by,  say,  quantum  noise), 
the  grating  takes  some  time  to  establish  itself,  and  in  this  time  the  beat  signal  is 
essentially  due  to  the  pump  beam  so  that  l(tj^)  =  1.  Once  a  moving  grating  is  built  up  in 
the  presence  of  the  nonreciprocal  phase  shift  in  the  ring,  a  sinusoidal  oscillatory  behavior 
is  obtained  in  the  beat  signal  with  a  well-defined  beat  frequency  (equal  to  0.044  Hz)  at 
steady-state.  We  assume  a  photorefractive  response  time  of  I  sec  for  the  BaTiO^ 
crystal,  which  is  appropriate  for  the  pump  intensity  used  in  the  experiment.  As  we 
further  increase  the  seed  level,  the  instantaneous  beat  signal  still  exhibits  a  periodic 
behavior,  with  an  average  beat  frequency  slightly  less  than  the  negligible  seed  case.  The 
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6  Beat  frequency  as  a  function  of  time  for  the  case  of  coherent  seed  injection 
and  20“  nonreciprocal  phase  shitt.  The  injected  seed  power  normalized  by  the 
pump  power  was:  (a)  0,  (b)  2  x  10'**,  (c)  7  x  10‘\  (d)  1.2  x  10"3,  and 
(e)  2.0  X  10  3.  In  each  case,  the  seed  light  was  first  introduced  into  the  cavity 
at  time  t  =  0. 
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Fig.  7  Theoretical  plot  of  beat  signals  as  a  function  of  time  for  various  seed  levels. 

turn-on  time  of  the  oscillatory  behavior  in  the  beat  signal  is  faster  with  larger  seeds, 
with  small  departures  from  the  perfectly  sinusoidal  shape.  Both  the  period  of  oscillations 
and  their  shape  depend  on  the  seed  level  intensity.  At  still  higher  seed  levels,  the  beat 
signal  shows  a  sharp,  asymmetric  behavior,  indicating  that  higher  harmonics  of  beat 
frequency  are  now  present  in  the  signal.  At  seed  levels  of  2  x  10  of  the  input  pump 
intensity,  the  zero  beat  frequency  at  steady-state  shows  that  frequency  locking  has 
occurred.  The  experimental  results  are  in  qualitative  agreement  with  theory. 

2.5  Theory  of  Phase  Conjugate  Oscillators  with  Nondegenerate  Operation 

Optical  resonators  containing  a  phase-conjugate  element  have  been  of  great 
interest  during  the  last  decade.  For  correction  of  intracavity  aberration,  the  phase- 
conjugate  element  is  used  as  an  end  mirror  of  the  optical  resonator.  Oscillation  is 
possible  even  without  the  conventional  gain  medium  because  of  the  parametric  gain 
provided  by  the  phase-conjugate  mirror  at  the  expense  of  its  pumping  beams.  We  have 
developed  a  theory  for  nondegenerate  oscillations  in  a  linear  optical  resonator  with  an 
intracavity  phase  conjugate  element  (Fig.  8).  The  phase-conjugate  element  consists  of  a 
nonlinear  transparent  medium  that  is  pumped  externally  by  a  pair  of  counterpropagating 
laser  beams  of  the  same  frequency  w  and  intensity.  A  weak  signal  beam  of  slightly 
different  frequency  u+d  is  injected  into  the  resonator  along  its  axis.  We  calculate  the 
two  reflection  coefficients  at  the  input  mirror;  one  due  to  phase  conjugation  at 
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frequency  u)-6;  and  the  other  due  to  coherent  reflections  from  the  second  mirror  at 

frequency  u+e.  Similarly,  we  calculate  the  two  transmission  coefficients  at  the  output 

mirror  corresponding  to  the  two  waves  at  «+6  and  tu-6  in  the  resonator.  For  the  special 

case  of  no  conventional  mirrors,  the  phase-conjugate  oscillator  reduces  to  a  phase- 

conjugate  mirror,  and  our  general  formulation  yields  the  results  of  previous 
11  12 

studies.  ’  Nondegenerate  oscillation  is  now  possible  in  the  presence  of  large  linear 
gain  or  loss  in  the  medium  (Fig.  9). 
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Fig.  8  Basic  geometry  of  linear  phase-conjugate  oscillator  using  nearly  degenerate 
four-wave  mixing.  In  this  case,  the  incident  probe  wave,  whose  frequency 
u  ±  6  is  slightly  detuned  from  that  of  the  pump  waves  (both  at  frequency  to), 
will  result  in  a  conjugate  wave  with  an  inverted  frequency  shift  u  ?  6.  g  is  the 
linear  gain  coefficient. 
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NORMALIZED  WAVELENGTH  DETUNING 


Phase-conjugate  power  reflectivity  Rp  (solid  curve)  and  coherent-power  trans- 
sivity  T.  (dashed  curve)  versus 


rrussivity 
gl  =  0.32152,  =  0.13281. 


'normalized  wavelength  detuning  ii  for 


13 

CU260DD/ejw 


Rockwell  International 

Science  Center 


SC5538.fr 


3.0  REFERENCES 

1.  3.  Lam  and  W.  Brown,  Opt.  Lett.  5,  61  (1980). 

2.  M.  Ewbank,  P.  Yeh,  M.  Khoshnevisan,  and  0.  Feinberg,  Opt.  Lett.  10,  282  (1985). 

3.  M.  Cronin-Golomb,  B.  Fischer,  S.  Kwong,  3.  White,  and  A.  Yariv,  Opt.  Lett.  7,  353 

(1985). 

9.  3.C.  Diels  and  I.C.  McMichael,  Opt.  Lett.  6,  219  (1981). 

5.  P.  Yeh,  3.  Tracy  and  M.  Khoshnevisan,  SPIE  Proceedings  412,  240  (1983). 

6.  S.  Kwong,  A.  Yariv,  M.  Cronin-Golomb,  and  B.  Fischer,  3.  Opt.  Soc.  Am.  A3,  157 

(1986). 

7.  I.  McMichael  and  P.  Yeh,  Opt.  Lett.  12,  48  (1987). 

8.  3.  Feinberg,  Opt.  Lett.  7,  486  (1982). 

9.  W.  W.  Chow  et  al.  Rev.  Mod.  Phys.  57,  61  (1985). 

10.  M.  Cronin-Golomb,  B.  Fischer,  3.  0.  White,  and  A.  Yariv,  Appl.  Phys.  Lett.  42,  919 
(1983)5  B.  Fischer  and  S.  Sternklar,  Appl.  Phys.  Lett.  1  (1985). 

1 1.  A.  Yariv  and  D.M.  Pepper,  Opt.  Lett.  16  (1977). 

12.  D.M.  Pepper  and  R.L.  Abrams,  Opt.  Lett.  3,  212  (1978). 


14 

CU264DD/eiw 


Rockwell  International 

Science  Center 


SC5538.fr 


4.0  APPENDICES 


15 

CJ12b‘inn/e)w 


Rockwell  International 

Scienc*  C«nt«r 


SC5538.fr 


Frequency  Locking  in  Externally  Seeded  Phase-Conjugate  Ring  Gyroscopes 


U 

Clt26400/eiw 


SC5538.fr 


Rockwell  International 

Sci«nc«  Center 


Frequency  Locking  in  Externally  Seeded  Phase*Conjugate  Ring  Gyroscopes 


M.  J.  Rosker,  R.  Saxena,  and  I.  McMichael 
Rockwell  InteraaticMial  Science  Center 
1049  Camino  Dos  Rios,  Thousand  Oaks,  CA  91360 
(805)  373  *  4463 


ABSTRACT 

Frequency  locking  in  a  photorcfra.ctivc  phase-conjugate  ring  oscillator  (PCRO)  was 
studied.  For  a  seed  beam  coherent  with  the  pump,  frequency  locking  of  the  oscillator  was 
observed,  but  only  at  feedback  levels  two  orders  of  magnitude  greater  than  that  required  for 
locking  of  a  conventional  ring  laser  gyroscope.  At  lower  SMd  levels,  higher  harmonics  of 
the  beat  frequency  were  observed.  No  evidence  of  locking  was  found  for  a  seed  incoherent 
w‘ith  respect  to  the  pump. 
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The  first  proposal  for  incorporating  a  four-wave  mixing  element  into  a  rotational 
sensing  device  was  made  by  Diels  and  McMichael,'  who  predicted  that  phase-conjugate 
coupling  in  a  ring  laser  gyroscope  would  allow  for  the  use  of  homogeneously  broadened 
gain  media  and  would  lead  to  substantial  reduction  in  the  locking  threshold.  This 
theoretical  result  was  confirmed  by  other  workers.  In  these  studies,  the  four- wave  mixing 
element  was  a  transparent  Kerr  medium  ivith  instantaneous  response,  so  that  the  dynamics 
of  the  fields  in  the  ring  was  determined  by  the  cavity  round-trip  time.  For  photorefractive 
phase-conjugate  gyroscopes,  however,  the  dynamics  is  affected  by  the  slow  speed  of  the 
material.  In  the  first  such  study,  the  phase-conjugate  ring  oscillator  (PCRO)  was  formed 
by  a  photorefractive  crystal  and  two  appropriately  oriented,  highly  reflective  mirrors.^. 
Later  studies  verified  that  the  device  acts  as  a  phase-conjugate  optical  gyroscope,^  i.e.,  the 
frequencies  of  the  counterpropagating  oscillations  depend  on  the  nonreciprocal,  but  not  the 
reciprocal,  optical  path  length  of  the  resonator.  The  phase-conjugate  nature  of  the 
counterpropagating  waves  in  the  ring  eliminate  the  dependence  on  reciprocal  phase  shifts 
arising  from  thermal  or  mechanical  effects. 

Despite  the  interest  in  the  photwefmetive  phase-conjugate  ring  oscillator,  a  number 
of  issues  remain  urtexplored.  For  example,  frequency  locking  has  not  been  considered, 
either  ihcorciically  or  experimentally.  The  only  previous  study  of  the  effects  of  injection  of 
seed  light  into  a  photorefractive  PCRO  was  perftmned  by  Krdlikowski  et  al..^  who  applied 
a  strong  electric  field  to  the  photorefractive  medium,  a  strontium  barium  niobatc  crystal,  in 
order  to  shift  the  free-oscillation  frequency  from  the  pump  frequency.  A  coherent  seed 
beam  at  pump  frequency  was  introduced  in  the  oscillator  in  a  direction  counterpropagating 
to  the  pump  beam.  For  sccd/pump  intensity  ratios  on  the  order  of  10'^.  the  time  behavior 
on  the  output  ioiensity  from  the  oscilbior  was  in  some  instances  observed  to  exhibit  strong, 
non-sinusoidat  oscillations.  Howxver.  in  other  cases  the  intensity  varied  erratically, 
suggesting  chaotic  behavior. 
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We  have  perfcmned  an  investigation  of  the  frequency  locking  characteristics  of  a 
photorefractive  PCRO  using  the  experirnentai  airangetnent  shown  in  Fig.  1.  The  oscillate 
was  pumped  by  5  mW  of  p-polarized  light  from  a  CW  Ar*  laser  at  514.5  nm.  The  Ar* 
laser,  which  had  a  coherence  length  of  ~  5  cm,  was  separated  from  the  experiment  by  a 
Faraday  isolator.  The  BaTiOs  crystal  was  6.5  mm  in  length  and  was  cmented  with  its 
axis  at  approximately  a  60°  angle  to  the  pun^  beanx  The  resonator  was  formed  by  the 
crystal  and  two  high  reflective  mirrors  and  was  determined  by  a  pair  of  ^  1  mm  diameter 
apertures.  The  angle  fonned  by  the  input  and  output  pump  beams  was  approximately  28°. 
One  of  the  mirrors  in  the  ring  was  5%  transmissive  to  provide  for  output  coupling,  which 
allowed  for  a  simple  way  to  inject  the  seed  (through  the  photorefractive  crystal).  The  cavity 
had  an  overall  length  of  L  -  90  cm  and  enclosed  an  area  of  A  «  300  cm^.  A  non-reciprocal 
phase  shift  simulating  that  induced  by  the  Sagnac  effect  was  generated  with  a  pair  of  X/4 
retardation  plates  and  a  Faraday  rotator.  The  rotation  angle  was  continuously  tunable  by 
translation  of  the  Faraday  crystal  in  the  magnetic  Held.  Before  each  data  set.  this  rotation 
angle  was  measured  in  situ. 

The  seed  light  was  produced  via  mutually  pumped  phase  conjugation  (MPPC)  in  a 

n 

bird-wing  conjugator.”  MPPC  was  utilized  to  insure  that  the  Sttd  was  coUinearly  aligned 
with  the  oscillation  beam.  Because  the  ratio  of  the  seed  to  the  pump  was  so  small,  this 
alignment  would  have  been  extremely  difikuli  to  achieve  had  a  sin^>le  mirror  been  used  in 
place  of  the  eonjugator.  A  fraction  of  dte  punrp  beam  was  split  off  to  provide  one  input  for 
the  bird-wing  eonjugator,  while  the  other  input  was  the  pump  output  from  the  phase 
conjugate  oscillator.  The  MPPC  crystal  was  also  BaTiOy  and  had  a  length  of  5.8  mtn.  To 
optimi^ue  the  phase  conjugate  reflectivity,  the  input  beams  were  loosely  focus^  into  the 
MPIHT  crystal.  A  pair  of  matched,  variable  neutral  density  ftlieis  was  used  to  controlled  the 
seed  injection  power  (i.e.,  the  relevant  phase  conjugate  return  from  the  MPPC  crystal) 
while  keeping  the  ratio  of  the  input  intensities  to  the  MPPC  oystal  nearly  constatu. 
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An  optical  delay  line  was  used  to  control  the  mutual  coherence  of  the  pump  and  the 
seed  light.  For  those  experiments  where  the  seed  and  pump  were  intended  to  be 
incdterent.  the  delay  line  was  adjusted  by  roughly  30  cm,  a  distance  longer  than  the 
coherence  length  t  *  the  pump  source  but  shorter  than  the  cavity  length  L. 

The  beat  frequency  between  the  pump  and  the  phase  conjugate  wave  which  builds 
in  the  oscillator  in  the  presence  of  a  nomeciprocal  phase  shift  was  measured  by  overlapping 
the  two  counterpropagating  directions  (with  appropriate  relative  delay)  onto  two 
photodiodes.  The  photodiodes  were  positioned  90^*  out  of  phase  with  one  another  so  that 
the  direction  of  the  fringe  motion  could  be  inferred.  A  third  photodiode  monitored  the 
intensity  level  in  the  phase  conjugate  direction,  while  a  fourth  was  used  to  measure  the 
injected  seed  power. 

As  an  initial  check,  the  seed  arm  was  blocked  and  the  beat  fluency  was  measured 
as  a  function  of  the  applied  non-reciprocal  phase  shift.  The  expected  linear  dependence 
was  observed  over  a  wide  range  of  range  of  non-reciprocal  phase  shifts.  **Dancing  modes” 
behavior^  was  not  a  limitation,  although  for  large  applied  phase  shifts  we  did  (in  a  few 
instances)  observe  an  abrupt  change  in  the  mode  patiem,  phase  conjugate  efficiency,  and 
beat  frequency.  The  null  shift,  which  is  the  beat  frequency  measured  for  no  applied  non¬ 
reciprocal  phase  shift,  was  observed  to  be  small  and  fairly  repeatable.  We  aturibute  our 
differences  from  Ref.  t6|  to  the  fact  that  our  resonator  was  physically  larger  and  more  well- 
defined  (by  the  twt>  apertures)  and  because  we  did  not  tightly  focus  into  the  photorefractivc 
crystal. 
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Beat  frequency  measurements  were  made  wnth  a  variable  amount  of  seed  light 
which  was  coherent  with  respect  to  the  pump  source.  Data  was  collected  by  measuring  the 
frequency  shift  bciw^n  the  counierprt^tagating  directions  at  different  seed  injection  levels 
at  each  o(  several  non-rociprocal  phase  shifts.  Typical  raw  results  obtained  at  one  particular 
non-reciprocal  phase  shift  level  arc  showii  in  Rg.  2.  At  the  lowc  injection  levels,  the  heat 
signal  was  sinusoidal  and  was  almcst  indistinguishable  from  c  no  seed  case  llowevet. 
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as  the  seed  level  was  increased,  significant  deviation  from  simple  sinusoidal  behavior  was 
smt.  This  behavior  resembles  that  reponcd  in  Ref.  [7]  for  the  phase-conjugate  intensity; 
however,  our  data  was  apparently  much  more  reproducible.  The  phase-conjugate 
reflectivity  was  observed  to  oscillate  similarly.  As  the  the  seed  level  was  further  increased, 
complete  frequency  locking  of  the  oscillator  was  observed.  To  verify  that  locking  had 
occurred,  data  was  collected  for  hours;  the  motion  of  the  fringe  patterns  over  these  periods 
was  slow  and  erratic  and  was  attributed  to  thermal  drift  of  the  interferometer. 

For  no  seed,  the  power  spectrum  of  the  data  consisted  of  a  single  peak  at  the  beat 
frequeitcy.  As  the  seed  level  was  increased,  a  series  of  additional  spikes  was  observed  at 
frequencies  which  were  integer  multiples  of  that  of  the  strongest  peak,  with  an^litudes  that 
displayed  a  power  law  dependence  with  harmonic  number  (Fig.  3).  As  the  seed  level  was 
increased,  the  slope  of  this  fit  decreased.  Locking  occurrol  abruptly  after  this  coefrlcient 
dropped  below  about  10  dB/hannonic. 

We  also  measured  the  dependence  of  the  beat  frequency  on  seed  level  fnr  several 
fued  non-reciprocal  phase  shifts.  The  beat  fr«]uency  was  essentially  unafrected  by  a  weak 
seed,  but  then  dropped  gradually  to  zero  (locking)  as  the  seed  level  was  increased  (Fig.  4). 

As  expected,  the  locking  threshold  became  greater  as  the  non-reciprocal  phase  shift 
iucreased. 


Direct  comparison  of  these  results  with  that  of  a  conventional  ring  laser  gyroscope 
(RLG)  is  contplicaied  by  the  unfavorable  scale  factor  of  the  PCRO,  which  results  from  the 
long  time  constant  of  the  phoiorefractive  crystal.  From  Fig.  4.  a  S”  applied  non- reciprocal 
phase  shift  (in  each  direction)  was  shown  to  lock  for  seed  levels  of  R  -  3  x  10~*.  Given  the 
area  subtended  by  this  particular  gyroscope,  this  phase  shift  is  equivalent  to  that  produced 
via  the  Sagnac  effect  with  an  D  s  36  rad/sec  rate  of  rotation.  A  conventional  gyroscope 
would  be  expected  to  lock  according  to  the  relation: 
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(1) 


where  is  the  locking  frequency,  r  is  the  amplitude  scatter  coefficient,  and  A  is  the  area 
enclosed  by  the  cavity.^  Taking  Qi  =  36  rad/sec,  a  similar  RLG  would  therefore  lock  for 
with  a  scatter  reflectivity  R  =  I  r  I  ^  ^  3  x  10*2.  tjjc  PCRO  was  therefore  measured  to  have 
a  locking  threshold  two  orders  of  magnitude  smaller  than  that  of  the  RLX}.^® 

These  experiment  were  repeated  using  a  seed  beam  which  was  incoherent  with 
respect  to  the  pump  light  to  test  the  sensitivity  of  the  gyroscope  to  scattering  from  cavity 
elements  more  than  one  coherence  length  away  from  the  phase-conjugate  crystal,  e.g.,  the 
cavity  mirrors  and  the  Faraday  rotator  apparatus.  No  difference  in  the  fringe  pattern 
whatsoever  was  observed  compared  to  the  no-seed  case,  even  for  relative  seed  powers  as 
high  as  ~3  x  10*^,  an  order  of  magnitude  greater  power  than  that  at  which  locking  was 
observed  for  the  coherent  seed  case.  However,  the  phase-conjugate  intensity  displayed 
erratic  transient  behavior  reminiscent  of  that  observed  in  Ref  [7], 

In  conclusion,  we  have  observed  frequency  locking  behavior  in  a  photorefractive 
phase-conjugate  ring  oscillator  when  a  weak  seed,  coherent  with  respect  to  the  pump,  is 
injected  into  the  oscillator.  Locking  thresholds  were  found  to  be  significantly  more 
favorable  than  those  expected  for  a  similar  conventional  RLG.  For  intermediate  power 
levels,  the  beat  signal  displayed  curious  harmonic  structure.  This  behavior  provides  insight 
into  the  locking  mechanism  for  the  PCRO,  which  we  believe  to  be  related  to  the 
development  of  competing  gratings  in  the  phase  conjugate  crystal.^'  The  PCRO  was 
determined  to  be  relatively  insensitive  to  incoherent  optical  feedback. 

This  work  was  sponsored  by  Air  Force  Office  of  Scientific  Research,  contract  No. 
F49620-88-C-0023. 
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Fig.  1:  The  experimental  schematic.  Key:  ND  =  neutral  density  filter,  L  =  lens,  PH  = 
pinhole,  PD  =  photodiode,  FC  =  Faraday  crystal,  A,/4  =  quarter  wave  retardation  plate, 
ODL  =  optical  delay  line.  The  ODL  determines  the  relative  coherence  of  the  pump  and  seed 
beams. 

Fig.  2:  Beat  signal  as  a  function  of  time  for  the  case  of  coherent  seed  injection.  The 
injected  seed  power  normalized  by  the  pump  power  was:  (a)  0,  (b)  2  x  lO"^,  (c)  7  x  10'^, 
(d)  1.2  X  10*3,  and  (e)  2.0  x  10‘3.  In  each  case,  the  seed  light  was  first  introduced  into  the 
cavity  at  approximately  time  t  =  0. 

Fig.  3:  A  typical  power  spectrum  for  the  coherent  seed  experiment.  The  dashed  line 
represents  a  fit  of  the  peak  maxima  to  a  straight  line,  with  a  slope  of  -18.5  dB/harmonic. 
Fig.  4:  Beat  frequency  vs.  seed  level  for  several  values  of  non-reciprocal  phase  shift.  The 
beat  frequency  was  taken  to  be  the  value  of  the  lowest  frequency  harmonic  of  the  power 
spectrum.  The  solid  lines  are  guides  to  the  eye. 
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ABSTRACT 


The  frequencies  of  the  counterpropagating  waves  in  a  photorefractive  phase- 
conjugate  ring  oscillator  depend  on  the  nonreeiprocal  optical  path  length.  We  examine  the 
frequency  locking  behavior  when  a  weak  seed  beam  is  injected  into  the  oscillator.  For  a 
given  coupling  strength  and  mirror  rcneciivity,  the  nonreeiprocal  phase  shift  at  which 
locking  occurs  is  directly  proportional  to  the  field  strength  of  the  coherent  seed  beam. 
Higher  harmonies  of  the  beat  frequency  occur  at  seed  levels  close  to  locking  and  are 
accounted  for  qualitatively. 
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1.  INTRODUCTION 

The  optical  gyroscope  is  now  established  as  a  practical  device  for  rotation 
scnsing.(Chow,  1985  #463], [Anderson,  1986  #459]  The  two  principal  configurations  arc 
the  ring  laser  gyroscope  and  the  fiber  optic  gyroscope.  Although  these  devices  arc  compact 
and  exhibit  impressive  performance,  a  number  of  practical  problems  remain.  A  primary 
limitation  for  conventional  ring  laser  gyroscopes  is  frequency  locking  behavior,  wherein 
weak  backscattering  couples  together  the  counterpropagating  laser  oscillations.  At  low 
rotation  rates,  the  beat  frequency  disappears  and  there  is  a  strong  imbalance  between  the 
amplitudes  of  the  counterpropagating  wavcs.[KUhlke,  1979  #535]  For  this  reason, 
homogeneously  broadened  gain  media  cannot  be  used  in  the  ring  due  to  strong  coupling  of 
the  counterpropagating  waves  in  the  gain  media.  At  present,  the  primary  limitation 
associated  with  fiber  optic  gyroscopes  is  caused  by  non-reciprocal  phase  shifts  in  the 
fibcr.(Bcrgh,  1984  #464],[Kcrscy,  1989  #465]  Mechanisms  involved  include  Faraday 
rotation,  the  Kerr  effect,  and  polarization  mode  coupling. 

The  first  proposal  for  incorporating  a  four-wave  mixing  clement  into  a  rotational 
sensing  device  was  made  by  Diels  and  McMichael  in  1981. (Diels,  1981  #451]  It  was 
predicted  that  phase-conjugate  coupling  in  a  ring  laser  gyro  would  allow  for  the  use  of 
homogeneously  broadened  gain  media  and  would  lead  to  substantial  reduction  in  the 
locking  threshold.  This  theoretical  result  was  confirmed  by  other  workers  (Yeh,  1983 
#448].  In  these  studies,  the  four- wave  mixing  element  was  a  transparent  Kerr  medium 
with  instantaneous  response,  so  that  the  dynamics  of  the  fields  in  the  ring  was  determined 
by  the  cavity  round-trip  tinte.  For  photorcfractis'c  phase-conjugate  gyroscopes,  we  expect 
the  dynamics  to  be  affected  by  tltc  slow  speed  of  the  material.  In  the  first  such  study,  the 
phase-conjugate  ring  oscillator  (PCRO)  was  formed  by  a  photorefractive  crystal  and  two 
appropriately  oriented,  highly  reflective  mirrors. (Oronin-Golomb,  1983  #462).  (Cronin- 
Golontb.  1984  #100].  Later  studies  verified  that  il»c  device  acts  as  a  pluse-conjugate 
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optical  gyroscope  (Fischer,  1985  #447],  [Jiang,  1987  #467J,  i.e.,  the  frequencies  of  the 
counterpropagating  waves  depend  on  the  nonreciprocal,  but  not  the  reciprocal,  optical  path 
length  of  the  resonator.  The  phase-conjugate  nature  of  the  counterpropagating  waves  in  the 
ring  eliminate  the  dependence  on  reciprocal  phase  shifts  arising  from  thermal  or  mechanical 
effects. 


Photorefractivc  phase-conjugate  fiber-optic  gyros  using  the  interferometer 
configuration  have  also  been  dcmonstratcd.(Ych,  1986  #396]  The  sensing  fibers  can  be 
longer  than  the  coherence  length  of  the  laser  for  the  self-pumped  phase-conjugate  fiber¬ 
optic  gyro.(McMichacl,  1986  #458]  Multimode  fibers  can  also  be  used  in  the  gyro  if  the 
polarization  is  preserved  during  phase  conjugation.fMcMichael,  1987  #540] 

Despite  the  interest  in  the  photorefractivc  phase-conjugate  ring  oscillator,  a  number 
of  issues  remain  unexplored.  For  example,  frequency  locking  has  not  been  considered 
theoretically  or  experimentally.  Furthermore,  the  theoretical  work  done  to  date  was  in  the 
steady-state,  and  no  attempt  has  been  made  to  force  the  phase  of  the  oscillations  via  external 
seeding.  The  only  previous  study  of  the  effects  of  injection  of  seed  light  into  a 
photorefractivc  PCRO  was  performed  by  Kr6likowski  ei  al.(Kr61ikowski,  1990  #453]  In 
their  w’ork,  a  strong  electric  field  was  applied  to  the  photorefractivc  medium,  a  strontium 
barium  niobate  crysul,  in  order  to  shift  the  frce-oscillation  frequency  from  the  pump 
frequency.  A  coherent  seed  beam  at  pump  frequency  was  introduced  in  the  oscillator  in  a 
direction  counterpropagating  to  the  punrp  beam.  For  seed^ump  ratios  otr  the  order  of  10  \ 
the  time  behavior  on  the  output  intensity  from  the  oscillator  was  in  some  instances  ol»erved 
to  exhibit  strong,  noit- sinusoidal  oscillations.  Howem.  in  other  cases  the  intensity  varied 
erratically,  suggesting  chaotic  behavior. 

We  describe  our  investigation  of  the  frequency  locking  characteristics  for  the 
photorefractivc  PCRO.  A  prelinunary  account  of  sontc  of  our  experimental  results  was 
reported  earlier. (M.  J.  Rosker  ct  al..  1991)  A  weak  sc«l  beam  is  injected  into  the  oscilbior 
in  the  direction  counterpropagating  to  the  pump  beam,  lltc  injected  signal  has  the  sante 
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frequency  as  the  pump  beam,  and  may  be  coherent  or  incoherent  with  the  pump  field  to 
simulate  scatter  attributed  to  the  phase  conjugate  and  conventional  mirrors,  respectively. 
The  beat  frequency  between  the  counterpropagating  waves  is  studied  as  a  function  of  the 
the  non-reciprocal  phase  shift  for  various  values  of  seeding  level,  coupling  strength  or 
losses  in  the  ring.  The  experimental  results  are  shown  to  be  in  good  agreement  with 
theory. 
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2.  THEORY 
2.1  Formulation 

The  geometry  for  the  nonlinear  interaction  responsible  for  PCRO  is  shown  in  Fig. 
1,  where  wc  have  used  the  notation  introduced  in  Refs.  (Cronin-Golomb,  1983 
#4621.(Cronin-Golomb.  1984  #1001, [Fischer.  1985  #4471.(Jiang,  1987  #467]  for  the 
various  beams.  A  pump  beam  at  frequency  o)  (labelled  as  beam  2  in  figure  1)  is  incident  on 
a  photorcfractivc  crystal.  Light  transmitted  through  the  crystal  is  directed  into  a  ring  by 
mirrors  rj  and  rj  and  returns  to  the  crystal  as  beam  4.  At  large  coupling  strengths,  an 
oscillation  beam  is  self-generated  in  the  photorcfractivc  crystal  (labelled  as  beam  3  in  figure 
1)  in  a  direction  counterpropagating  to  the  pump  beam,  and  the  transmitted  beam  3  is 
directed  back  to  the  ety'Sial  as  beam  1  by  the  mirrors  of  the  ring  oseillatw.  Since  the 
scattered  light  is  coherent  with  the  pump  beam,  a  transmission  index  grating  is  induced  by 
the  interference  of  these  two  beams.  The  c-axis  of  the  crystal  is  oriented  so  that  beam  3  is 
amplified  by  two-beam  coupling  from  the  pump  beam  2.  Similarly,  beams  1  and  4.  which 
has'e  the  same  optical  path  in  the  ring,  create  a  transmission  grating  w  ith  the  same 
wavevector.  with  amplification  of  beam  I  from  beam  4  by  two- beam  coupling.  ReHcction 
gratings  are  eliminated  by  using  a  laser  with  short  coherence  length.  ITie  ext  ’  mally  seeded 
case  is  described  by  nonzero  amplitude  of  beam  3  at  the  z  =  1  plane  of  the  pliotceefractis'c 
crystal.  The  dynamic  coupling  of  the  four  weaves  in  photorcfractivc  media  is  described  by 
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the  four-wave  mixing  (FWM)  equations  Tex’  the  complex  beam  amplitudes,  accompanied  by 
an  equation  describing  the  time  evolution  of  the  index  grating:  [Cronin-Golomb,  1984 
#100] 


^  =  «  A5 


=  -G1  A* 

^  4  G  =  -^  ^jAj)  (1) 

In  Eqs.  (1),  is  the  distance  normalized  with  respect  to  the  interaction  length  1,  the  z-axis 
is  taken  normal  to  the  surface  of  the  medium,  t^  is  the  time  normalized  by  the 
photorefractive  response  time,  r,  G  is  the  complex  amplitude  of  the  photorefractive 
grating,  and  A„  is  the  complex  electric  field  amplitude  of  the  m  th  beam  1q  is  the  total  light 

4 

intensity  equal  to  ^  lA^i^  and  y  is  the  complex  amplitude  coupling  constant  that  is  equal  to 
tO)niC  ^ 

- ' —  .  Here  tij  is  the  amplitude  and  0  is  the  phase  of  the  photorefractive  index  change. 

2c  eos0 

0  is  the  angle  madic  by  the  beams  with  the  z  axis.  In  this  paper,  we  consider  charge 
transport  by  di^usion  only,  so  that  0  =  90**,  and  y  is  a  real,  positive  quantity.  Note  that  if 
we  put  the  titnc  deris‘aii\x  equal  to  zero  in  the  grating  equation  and  substitute  the  steady- 
state  grating  amplitude  in  the  couped  wa\x  equations,  then  wx  recover  the  familiar  F\VSt 
^uaiioos  for  steady-state.  [Oonin-Gt^omb.  1984  il00)w'ith  y  replaced  by  -  y. 


8A^ 
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The  ftrst  four  equations  describe  the  diffraction  of  the  beams  off  a  photorefractive 
grating  whose  evolution  with  time  is  given  by  the  last  equation  of  (1).  The  time  derivatives 
in  the  field  equations  have  been  ignored  because  the  cavity  round  trip  time  is  of  the  order  of 
a  few  nanoseconds.  This  is  much  smaller  than  the  response  time  of  the  photorefractive 
medium,  which  is  *- 1  sec  in  BaTiO^  for  moderate  laser  power.  Hence  a  quasi-stationary 
grating  diffracts  the  waves,  and  the  optical  waves  follow  the  temporal  evolution  of  the 
photorefractive  grating  adiabatically.[Kr61ikowski.  1990  #460)  The  time  dependence  of 
two-wave  mixing  (Solynur.  1984  #4121,[Cronin-Golomb.  1987  #3541.(Vachss,  1990 
#541)  and  four-wave  mixing  (Krdlikowski.  1990  #460],  (Bledowski.  1989  #472)  in 
photorefractive  media  has  been  studied  before.  Its  application  to  optical  resonators  with 
external  feedback  and  an  injected  signal  [Weiss.  1989  #542JlLiningcr.  1990  #543)  has 
been  examined  in  ring  resonators  with  two- wave  imxing  gain  only. 

We  now  coctsider  the  introduction  of  a  nonreciprocal  phase  shift  equal  to  /  2  fcff 
single  pass  round  the  ring  cavity.  In  the  absence  of  the  seed  beam,  the  self-generated 
oscillation  beam  vrill  have  a  frequency  different  from  that  of  the  pump  beam.  For  large 
coupling  strength  yl  and  small  nonreciprocal  phase  shift  6kr»  *he  frequency  difference  6 
between  the  puntp  and  the  oscillation  beam  is  linearly  proportional  to  the  nonreciprocal 
phase  shift  ^-j.lFiseher.  1985  #4471.lJiang,  1987  #467]  For  a  seeded  PCRO,  two  index 
gratings  grow  initially:  one  is  the  usual  moving  grating  at  fr^uency  6  induced  by  the  pump 


and  the  self-oscillation  beam  and  ’.he  additional  grating  is  the  stationary  grating  induced  by 
the  pump  and  the  coherent  seed  beam,  since  both  Helds  are  at  frequency  to.  Readout  of  the 
stationary  grating  by  the  self-oscillation  beant.  and  the  moving  grating  by  the  seed  beam, 
will  generate  new  Hekls  at  frequencies  to  ♦  5  and  to  -  5  respectively  in  the  direction  of  tl>e 
pump  beant.  Further  interference  between  the  new  ly  generated  field  at  to  -  5  and  the  self- 
oscillation  beam  at  to  4  5  wf  U  induce  a  grating  at  25  and  so  on.  Since  the  higher  lumnonkrs 
are  detennined  by  higher  orders  of  the  diffraction  cfHciency  of  the  grating,  a  quantity  that  is 
always  less  than  unity,  the  power  of  the  various  harmonics  is  cxpecKd  to  decrease  with 
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increasing  harmonic  number.  Note  that  in  the  absence  of  the  seed,  or  if  the  seed  is 
incoherent  with  the  pump  beam,  there  is  only  a  single  moving  grating  induced  by  the 
interference  of  the  pump  beam  with  the  self-oscillation  beam.  Each  wave  diffracts  into  the 
other  direction  with  the  right  amount  of  Doppler  shift,  so  that  no  new  waves  are  generated 
by  readout;  hence  in  this  case,  there  is  only  one  fundamental  beat  frequency  in  the  PCRO. 

The  number  of  grating  harmonics  actually  generated  in  the  seeded  PCRO  will  depend  on 
the  level  of  seeding  and  the  nonreciprocal  phase  shift  present  in  the  ring. 

In  order  to  account  for  the  optical  waves  at  frequencies  (O  +  n6  in  either  direction, 
where  n  =  0,  ±  1,  ±  2,...  and  6  ~  1  Hz  for  photorefractive  crystals,  we  recall  that  in 
deriving  Eqs.  (1),  the  fast  time  dependence  of  the  complex  wave  amplitudes  Aj  at  the 
optical  frequency  co  was  already  factored  out.  Due  to  buildup  of  the  complex 
photorefractive  index  grating,  the  wave  amplitudes  are  now  slowly  varying  with  time,  thus 
allowing  for  the  possibility  of  each  wave  in  a  given  direction  to  be  a  superposition  of  plane 
waves  at  frequencies  differing  by  multiples  of  5: 

E„(r,t)  =  5  A„(2)  -“‘>11+  e*  +  +  ...]+  c.c. 


+C.C.  , 


m  =  1  to  4  (2) 


where  we  have  assumed  that  the  wave  vectors  for  the  various  harmonics  are  the  same  for  a 
given  wave.  This  approximation  is  valid  since  6  is  of  the  order  of  a  few  Hz  in 
photorefractive  crystals,  and  the  power  of  the  various  harmonics  rapidly  falls  with 
increasing  harmonic  number. 

We  Stan  with  the  boundary  conditions  of  zero  grating  present  initially,  so  ,hat  the 
pump  field  (normalized  to  unity)  and  the  small  seed  value  e  assumed  for  the  seed  intensity 
are  uniform  throughout  the  crystal: 
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G(z„,  t„  =  0 )  =  0 
A2(z„=l.t„)  =  l 
A3(Zn=l.tn)=V^ 

Ai(z„  =  0,  tn  =  0 )  =  rjfj  ^[e 
A4(z„=0.t„=0)  =  rir2e-%R^  .  (3) 

Here,  rj  is  the  amplitude  reflection  coefficient  of  the  i*^  mirror  in  the  ring  and  we  have 
neglected  the  cavity-induced  nonreciprocal  phase  shifts  equal  to  ( n  8  L )  /  c,  where  L  is  the 
optical  path  length  in  the  ring  cavity.  With  90  cm  as  a  typical  value  of  L  in  the  experiments, 
8  of  the  order  of  a  few  Hertz  and  only  a  few  harmonics  contributing  to  the  process  (no 
more  than  8  harmonics  were  observed  experimentally) ,  the  corresponding  phase  shift  is 
indeed  small.  When  specifying  the  initial  value  of  the  time  variable  for  fields  1  and  4,  we 
have  ignored  the  time  taken  by  beams  3  and  2  to  propagate  round  the  ring  cavity  and  return 
to  the  photorefractive  crystal,  so  that  on  the  photorefractive  time-scale,  the  transmitted 
beams  return  instantaneously  to  the  crystal.[Lininger,  1990  #543]  As  the  grating  builds  up 
at  subsequent  times,  the  transmitted  intensity  of  the  pump  and  seed  beams  will  change  with 
time  due  to  diffraction  of  one  beam  in  the  direction  of  the  other.  Hence  the  boundary 
conditions  for  fields  1  and  4  become  time-varying; 


Ai(Zn  =  0,  tn )  =  rir2  e"5’NR/2  = 

A4(Zj,  =  0,  tn )  =  r,r2  A2(Zn  =  0,  t^ )  .  (4) 

We  directly  integrate  the  five  nonlinear,  coupled  equations  (1)  numerically,  following  the 
procedure  used  in  Refs.  [Krdlikowski,  1990  #460],  Due  to  the  form  of  these  equations, 
the  spatial  and  temporal  integrations  can  be  separated;  the  FWM  equations  can  be  regarded 
as  diffraction  of  waves  by  a  quasi-stationary  grating,  so  that  only  spatial  integration  is 
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required  of  these  equations,  while  the  grating  equation  involves  temporal  integration  at  each 
point  in  space.  Furthermore,  the  four  coupled  optical  wave  equations  can  be  divided  into 
two  sets  of  coupled  equations,  one  for  beam  pair  Aj  and  A4,  and  the  other  for  beams  A2 
and  A3.[Kr61ikowski,  1990  #460]  The  first  set  satisfies  boundary  conditions  at  z„=  0, 
while  the  second  set  satisfies  boundary  conditions  at  =  1.  Hence  for  a  known  grating 
amplitude  at  an  instant  of  time  t^,  we  may  solve  each  set  of  coupled  differential  equations  as 
an  initial  value  problem.  Thus,  the  problem  of  solving  coupled  differential  equations  with 
two-point  boundary  values  is  avoided.  From  the  boundary  conditions  (3),  there  is  no 
initial  grating,  so  that  the  fields  are  uniform  throughout  the  medium.  Substituting  the 
uniform  fields  in  the  grating  equation,  we  calculate  the  new  local  grating  at  a  small 
increment  of  time  Atj,.  From  the  first  four  equations  of  (1),  the  new  grating  causes  an 
energy  exchange  between  the  waves,  which  in  turn  modifies  the  interference  pattern  that 
drives  the  grating,  and  so  on  until  a  steady-state  is  reached  in  time.  In  the  experiment 
described  in  Section  3,  the  beat  signal  is  obtained  by  combining  the  counterpropagating 
fields  A2  and  A3  from  the  ring: 
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Ktn)  =  IA2(z„  =  0.t„)  4-  A3(z,  =  0,t„)P 


(5) 


We  will  now  present  some  numerical  plots  of  the  beat  signal  and  examine  the  conditions  for 
frequency  locking. 


2.2  Numerical  Simulations 

In  Fig.  2,  we  plot  the  beat  signal  I(t„)  as  a  function  of  normalized  time  q,  at  various 
seed  levels  e,  keeping  the  other  parameters  fixed  at  the  following  values:  the  coupling 
strength  7I  is  equal  to  2,  the  product  of  the  mirror  reflectivities  in  the  ring  ( =  rj^  r2^  =  R)  is 
0.25  and  the  one-way  nonreciprocal  phase  shift  (  =  4>nr  /  2  )  is  20°.  For  the  case  of  no 
seed  ( we  take  e  =  10  for  a  self-starting  process  initiated  by,  say,  quantum  noise),  the 
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grating  takes  some  time  to  establish  itself,  and  in  this  time  the  beat  signal  is  essentially  due 

to  the  pump  beam  so  that  Ift^)  =  1.  Once  a  moving  grating  is  built  up  in  the  presence  of  the 

nonreciprocal  phase  shift  in  the  ring,  a  sinusoidal  oscillatory  behavior  is  obtained  in  the 

beat  signal  with  a  well  defined  beat  frequency  (equal  to  0.044  Hz)  at  steady-state.  We 

assume  a  photorefractive  response  time  of  1  sec  for  the  BaTi03  crystal,  which  is 

appropriate  for  the  pump  intensity  used  in  the  experiment.  As  we  further  increase  the  seed 

level,  the  instantaneous  beat  signal  still  exhibits  a  periodic  behavior,  with  an  average  beat 

frequency  slightly  less  than  the  zero  seed  case.  The  tum-on  time  of  the  oscillatory  behavior 

in  the  beat  signal  is  faster  with  larger  seeds,  with  small  departures  from  the  perfectly 

sinusoidal  shape.  Both  the  period  of  oscillations  and  the  shape  of  the  beat  signal  depend  on 

the  seed  level  intensity.  At  still  higher  seed  levels,  the  beat  signal  shows  a  sharp, 

asymmetric  behavior,  indicating  that  there  are  higher  harmonics  of  beat  frequency  now 

present  in  the  signal.  At  seed  levels  of  2  x  10'  of  the  input  pump  intensity,  the  beat 

frequency  at  steady-state  is  zero,  showing  that  frequency  locking  has  occurred. 

Fig.  3  shows  power  spectrum  analysis  of  the  nonsinusoidal  beat  signal  at  a  seed 

•5 

level  of  e  =  1.3  x  10  ,  the  other  parameters  remaining  the  same  as  in  Fig.  2.  The  power 
spectrum  consists  of  several  peaks  at  frequencies  that  are  integral  multiples  of  6.  The 
number  of  harmonics  of  the  beat  frequency  actually  generated  in  the  PCRO  and  their 
relative  amplitudes  will  depend  on  the  level  of  seeding  and  the  nonreciprocal  phase  shift 
present  in  the  ring.  Fig.  4  shows  the  amplitude  of  the  various  harmonics  as  a  function  of 
the  harmonic  number.  The  amplitudes  fall  linearly  with  increasing  harmonic  number,  and  a 
fit  to  the  points  shows  a  slope  of  -  19.2  dB  per  harmonic. 

Fig.  5  shows  the  average  beat  frequency  as  a  function  of  the  nonreciprocal  phase 
shift  in  the  ring  for  various  coupling  strengths.  The  seed  intensity  is  kept  fixed  at  E  =  lO"^, 
the  combined  mirror  reflectivity  of  the  ring  is  taken  to  be  25  %,  and  photorefractive 
response  time  is  taken  to  be  1  sec.  Higher  coupling  yields  a  larger  beat  frequency,  and  the 
dependence  of  beat  frequency  on  nonreciprocal  phase  shift  is  no  longer  linear  at  strong 
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coupling.  A  qualitatively  similar  behavior  is  obtained  by  varying  losses  in  the  ring  for  a 
fixed  coupling  strength  (see  Fig.  6).  Smaller  losses  in  the  ring  yield  higher  beat  frequency 
accompanied  with  nonlinear  dependence  of  the  average  beat  frequency  on  the  nonreciprocal 
phase  shift. 

Fig.  7  shows  the  average  beat  frequency  as  a  function  of  the  nonreciprocal  phase 
shift  in  the  ring  at  various  seeding  levels.  As  the  seed  level  is  increased,  the  range  of 
nonreciprocal  phase  shift  values  for  which  beat  frequency  is  zero  increases.  In  fact,  the 
nonreciprocal  phase  shift  at  which  locking  occurs  is  directly  proponional  to  square-root  of 
the  seed  level  intensity:  <{>NR.Lock  “  similar  to  the  result  for  classical  ring  laser 
gyro.[Aronowitz,  197 1  #534]  Hence  for  the  two  curves  showing  locking  in  the  figure,  the 
ratio  of  nonreciprocal  phase  shifts  at  locking  (10.46  and  7.4  degrees)  is  approximately 
equal  to  V2,  the  ratio  of  the  seed  amplitudes  for  the  two  curves. 
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3.  EXPERIMENT 


3.1  Technique 

The  experimental  arrangement  is  shown  in  Fig.  &A.  The  oscillator  was  pumped  by 
5  mW  of  light  from  a  CW  Ar*  laser  at  5145  A  with  a  coherence  length  of  =>  5  cm.  The 
pump  was  linearly  polarized  in  the  p-direction.  The  Ar*  laser  was  separated  from  the 
experiment  by  a  Faraday  isolator.  The  BaTi03  crystal  was  6.5  mm  in  length  and  was 
oriented  with  its  +c  axis  at  approximately  a  60°  angle  to  the  pump  beam. 

The  resonator  was  formed  by  the  crystal  and  two  high  reflective  mirrors  and  was 
determined  by  a  pair  of  ~  1  mm  diameter  apertures.  The  angle  formed  by  the  input  and 
output  pump  beams  was  approximately  28°.  One  of  the  mirrors  was  5%  transmissive  to 
provide  for  output  coupling.  This  arrangement  allowed  for  a  simple  way  to  inject  the  seed. 
The  cavity  had  an  overall  length  of  approximately  L  »  90  cm  and  enclosed  an  area  of  about 
A  »  300  cm^. 
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The  non-reciprocal  phase  shift  was  generated  with  a  pair  of  X/4  retardation  plates 


and  a  Faraday  rotator.  The  rotation  angle  was  continuously  tunable  by  translation  of  the 
Faraday  crystal  in  the  magnetic  field.  Before  each  data  set,  this  rotation  angle  was 
measured  in  situ. 


The  seed  light  was  produced  via  mutual  pump  phase  conjugation  (MPPC)  in  a  bird- 
wing  conjugator.[Ewbank,  1988  #466]  MPPC  was  utilized  to  insure  that  the  seed  was 
collinearly  aligned  with  the  pump  beam.  Because  the  ratio  of  the  seed  to  the  pump  was  so 
small,  this  alignment  would  have  been  extremely  difficult  to  achieve  had  a  simple  mirror 
been  used  in  place  of  the  conjugator.  A  fraction  of  the  pump  beam  was  split  off  to  provide 
one  input  for  the  bird-wing  conjugator,  while  the  other  input  was  the  pump  output  from  the 
phase  conjugate  oscillator.  The  MPPC  crystal  was  also  BaTi03  and  had  a  length  of  5.8 
mm.  To  optimize  the  phase  conjugate  reflectivity,  the  input  beams  were  loosely  focussed 
into  the  crystal.  A  pair  of  matched,  variable  neutral  density  filters  was  used  to  controlled 
the  seed  injection  power  (i.e.,  the  phase  conjugate  return  from  the  MPPC  crystal)  while 
keeping  the  ratio  of  the  input  intensities  to  the  MPPC  crystal  nearly  constant 

A  delay  line  arrangement  was  used  to  insure  that  the  pump  and  the  seed  pumps 
were  mutually  coherent  at  the  oscillator  crystal.  For  those  experiments  where  the  seed  and 
pump  were  intended  to  be  incoherent,  the  delay  line  was  adjusted  by  roughly  30  cm,  which 
was  much  longer  than  the  coherence  length  of  the  pump  source  but  shorter  than  the  cavity 
length  L. 

The  beat  frequency  between  the  pump  and  the  phase  conjugate  wave  which  builds 
in  the  oscillator  was  measured  by  overlapping  the  two  counierpropagating  directions  (with 
appropriate  relative  delay)  onto  two  photodiodes  (Diodes  I  and  2  in  Fig.  &A).  The 
photodiodes  were  positioned  90®  out  of  phase  with  one  another  so  that  the  direction  of  the 
fringe  motion  could  be  inferred.  Another  photodiode  (Diode  3)  monitored  the  intensity 
level  in  the  phase  conjugate  direction,  while  a  Diode  4  was  used  to  measure  the  injected 
seed  power. 
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3.1.1  Results  obtained  without  seed 

As  an  initial  check,  the  seed  arm  was  blocked  and  the  beat  frequency  was  measured 
as  a  function  of  the  applied  non-reciprocal  phase  shift.  The  expected  linear  dependence 
was  observed  over  a  wide  range  of  range  of  phase  shifts  (Fig.  &B).  “Dancing  modes” 
behaviorfJiang,  1987  #467]  was  not  a  limitation,  although  for  large  applied  phase  shifts  we 
did  in  a  few  instances  observe  an  abrupt  change  in  the  mode  pattern,  phase  conjugate 
efficiency,  and  beat  frequency.  In  further  contrast  to  Ref.  [Jiang,  1987  #467],  the  null 
shift  we  observed,  which  is  the  beat  frequency  measured  for  no  applied  non-reciprocal 
phase  shift,  was  both  small  and  reasonably  repeatable.  We  attribute  our  differences  from 
Ref.  [Jiang,  1987  #467]  to  the  fact  that  our  resonator  was  physically  larger  and  more  well- 
defined  (by  the  two  apertures)  and  because  we  did  not  tightly  focus  into  the  photorefractive 
crystal. 

3.1.2  Results  with  coherent  seed 

Beat  frequency  measurements  were  next  made  with  a  variable  amount  of  seed  light 
which  was  coherent  with  respect  to  the  pump  source.  In  analogy  to  the  locking  mechanism 
of  conventional  rotation  sensors,  this  measurement  tests  the  locking  behavior  of  the  device 
when  the  scattering  level  from  the  phase-conjugate  crystal  is  varied.  Data  was  collected  by 
measuring  the  frequency  shift  between  the  counterpropagating  directions  at  different  seed 
injection  levels  at  each  of  several  non -reciprocal  pliase  shifts. 

Typical  raw  results  obtained  at  one  particular  non -reciprocal  phase  shift  level  are 
shown  in  Fig,  &C.  At  the  lowest  injection  levels,  the  beat  behavio»^  was  sinusoidal  and 
was  almost  indistinguisltable  from  the  no  seed  case  (e.f.  Figs.  &Ca  and  &(rb).  As  the  seed 
level  was  increased  (Figs.  &Cc  and  &Cd).  significant  deviation  from  simple  sinusoidal 
behavior  was  seen.  As  discussed  below,  this  behavior  resembles  drat  reported  in  Ref. 
[Krdlikowski.  1990  #453]  for  the  phase-conjugate  intensity;  however,  our  data  was 
apparently  much  more  reproducible.  As  the  the  seed  level  was  further  increased,  complete 
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frequency  locking  of  the  oscillator  was  observed,  as  evidenced  by  the  lack  of  fringe  motion 
shown  in  Fig.  &Ce.  To  verify  that  locking  had  occurred,  data  was  collected  for  periods  as 
long  as  hours;  the  motion  of  the  fringe  patterns  over  these  periods  was  slight  and  erratic 
and  was  attributed  to  thermal  drift  of  the  interferometer. 

As  described  earlier,  we  simultaneously  monitored  the  phase-conjugate  intensity 
(Photodiode  3)  and  the  seed  injection  level  (Photodiode  4).  For  the  “intermediate  regime,” 
where  the  beat  frequency  was  non-sinusoidal  in  shape,  the  phase-conjugate  intensity 
showed  similar  anomalous  behavior  (Fig.  &D).  Occasionally,  the  seed  injection  level 
varied  slowly  with  time  after  the  seed  was  unblocked.  We  believe  that  this  behavior  was 
related  to  erasure  mechanisms  in  the  bird-wing  conjugator  and  can  be  neglected  here. 

We  performed  power  spectrum  analysis  of  these  fringe  patterns.  For  no  seed,  the 
power  spectrum  consisted  of  a  single  peak.  As  the  seed  level  is  increased,  a  series  of 
additional  spikes  was  observed  at  frequencies  which  were  integer  multiples  of  that  of  the 
strongest  peak  (for  example.  Fig.  &E).  For  each  data  set,  we  observed  that  the  amplitude 
of  these  peaks  displayed  a  power  law  dependence  with  harmonic  number  (e.g.,  the  linear 
fit  in  Fig.  &E).  The  relative  amplitude  of  these  harmonics  increased  with  seed  power.  Fig. 
&F  shows  the  power  law  coefficient  obtained  from  the  data  fits  as  a  function  of  the  relative 
seed  power.  Locking  generally  occurred  abruptly  after  this  coefficient  dropped  below  10 
dB/harmonic. 

We  also  measured  the  dependence  of  the  beat  frequency  on  seed  level  for  several 
fixed  non -reciprocal  phase  shifts  (Fig.  &G).  For  those  cases  where  more  than  oise  spectral 
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peak  was  observed,  the  beat  frequency  was  taken  to  be  the  value  of  the  lowest  frequency 
harmonic.  For  each  non-reciprocal  phase  shift,  the  beat  frequency  was  essentially 
unaffected  for  a  wxak  seed,  but  then  dropped  gradually  to  zero  (locking)  as  the  seed  level 
was  increased. 

lltcse  results  are  expressed  in  a  more  meaningful  manner  in  Fig  &H.  in  which  the 
beat  frequency  is  plotted  as  a  function  of  non-reciprocal  phase  shift  at  various  fixed  seed 
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level.  Note  that  Fig.  &H  was  constructed  by  fitting  the  raw  data  of  Fig.  &0  to  an  assumed 
curve  (an  exponential).  Deviation  from  the  ideal  linear  behavior  is  apparent. 


3.1.3  Results  with  incoherent  seed 

These  experiment  were  repeated  using  a  seed  beam  which  was  incoherent  with 
respect  to  the  pun^  light.  Such  a  situation  can  be  thought  of  as  measuring  the  sensitivity  of 
the  gyroscope  to  scattering  from  cavity  elements  more  than  one  coherence  length  away 
from  the  phase-conjugate  crystal,  i.e.  the  cavity  mirrors  and  the  Faraday  rotator  apparatus. 

Typical  results  are  shown  in  Fig.  &H.  No  apparent  difference  in  the  fringe  pattern 
was  observed  whatsoever  compared  to  the  seed-free  case,  even  for  relative  seed  powers  as 
high  as  --3  x  10  ^  This  power,  it  should  be  noted,  represents  a  value  of  at  least  an  order  of 
magnitude  greater  than  that  at  which  higher  order  harmonics  were  first  resolved  in  the 
coherent  seed  case.  However,  the  phase-conjugate  intensity  displayed  erratic  transient 
behavior  (Fig.  &I)  reminiscent  of  that  observed  by  (Krdlikowski,  1990  #453). 


4.  DISCUSSION 


Comparison  of  experiment  and  theory 

If  we  compare  the  theoretical  plots  of  the  beat  signal  shown  in  Fig.  2  with  the 
experimentally  observed  behavior  shown  in  Fig.  2  of  Ref.  (M.  J.  Rosker  et  al., 
19911*  we  notice  that  though  there  is  an  asymmetric  shape  of  the  beat  signals  with 
increasing  seed  level,  the  modulation  of  the  beat  signal  is  not  reproduced  exactly  in  the 
theoretical  curves.  This  is  because  of  the  simple  expression  for  the  beat  signal  (  see  Eq. 
(5»  that  is  assumed  in  calculating  the  theoretical  curves;  the  reflectiviiy  /  transmissivity  of 
the  various  beamsplitters  used  for  monitoring  the  signal  is  not  taken  into  account.  For  a 
nonreciprocal  phase  shift  (  s  /  2 )  of  20^.  the  beat  frequency  was  aero  for  a  seed  level 
of  2  X  10  which  is  identical  to  the  experimentally  measured  seed/pump  ratio  for 
frequency  locking. 
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The  amplitudes  of  the  various  hannonics  fall  linearly  with  increasing  harmonic 
number  (see  Fig.  4).  and  a  fit  to  the  points  shows  a  slope  of  -  19.2  dB  per  harmonic.  This 
is  in  good  agreement  with  the  experimentally  measured  value  of  -  18.S  dB  /  harmonic 
reported  in  Ref.  {M.  J.  Rosker  et  al.,  19911.f<»’  the  same  set  of  parameters. 

In  trying  to  obtain  theoretical  curves  that  qualitatively  agree  with  experimental  data, 
the  parameters  that  can  be  adjusted  are  the  coupling  strength  in  the  photorefractive  crystal 
and  the  losses  in  the  ring.  The  experimentally  observed  behavior  of  beat  frequency  with 
noru-eciprocal  phase  shift  is  linear  even  fw  large  nonreciprocal  phase  shifts  of  30°.  This 
implies  that  the  coupling  strength  must  be  small,  otherwise  Fig.  5  predicts  a  nonlinear 
behavior  of  beat  frequency  5  with  nonreciprocal  phase  shift  large  coupling  strength 
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lig.  1;  Geometry  for  the  phoiorehactivc  phase-conjugate  ring  oscillator. 
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Fig.  2:  Beat  signal  from  the  ring  as  a  function  of  normalized  time  for  various  seed 
intensities.  The  coupling  strength  7!  is  equal  to  2,  the  product  of  the  mirror  reflectivities  in 
the  ring  ( =  R )  is  0.25  and  the  one-way  nonreciprocal  phase  shift  ( =  /  2  )  is  20®. 

Fig.  3:  Power  spectrum  of  the  beat  signal  at  seed  level  c  =  1.3  x  10'^.  The  other 
parameters  are  the  same  as  in  Fig.  2. 

Fig.  4:  Amplitude  of  the  harmonics  as  a  function  of  harmonic  number.  The  parameter 
values  are  the  sante  as  in  Fig.  3. 

Fig.  5:  Average  beat  frequency  as  a  function  of  the  nonreciprocal  phase  shift  for  various 
coupling  strengths.  £  =  10“^,  R  =  0.25,  and  x  -  1  sec. 


Fig.  6:  Average  beat  frequency  as  a  function  of  the  nonreciprocal  phase  shift  for  various 
losses  in  the  ring,  c  =  lO"^,  yl  =  2,  and  T  =  1  sec. 


Fig.  7:  Average  beat  frequency  as  a  function  of  the  nonreciprocal  phase  shift  at  vanous 
seed  levels,  =  2,  R  =  0.25,  and  t  =  1  sec. 


Fig. &A:  The  experimental  schematic. 

Fig.  &B:  Beal  frequency  as  a  function  of  non-reeiprocal  phase  shift  for  the  case  of  no 
injected  seed. 

Fig.  &C:  Beat  frequency  as  a  function  of  non- reciprocal  phase  shift  for  the  ease  of 
coherent  seed  injection.  The  injected  seed  power  normalize  by  tlw  pump  power  was:  (a) 
0.  (b)  2  X  lO"^,  (c)  7  X  10'"*,  (d)  1.2  x  lO'^,  at\d  (c)  2.0  x  10’^.  In  each  case,  the  seed  light 
was  ftrst  introduced  into  the  cavity  at  time  t  =  0. 

Rg.  5:D:  A  typical  measured  fringe  pattern,  pliase -conjugate  reflecti\*ity.  and  seed  injection 

level  measured  for  the  case  of  coherent  seed  injection.  The  nonnalized  seed  injection  was 

*«« 


Fig.  &E:  A  typical  power  spcctaunv  llie  solid  tuic  represents  a  fit  of  the  jKak  tiuxitm  to  a 
line. 
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Hg.  &F:  Power  law  coefHcient  obtained  from  tiie  data  fits  as  a  function  of  the  relative  seed 
power.  For  seed  injection  levels  below  *,  only  one  peak  was  resolvable  in  the  power 
spectrum.  For  seed  injections  above  *,  locking  occurred. 

Fig.  &G:  Beat  frequency  vs.  seed  level  for  several  values  of  non-reciprocal  phase  shift 
Fig.  &H:  Beat  frequency  as  a  function  of  non-reciprocal  phase  shift  for  the  case  of 
incoherent  seed  injection,  llie  injected  seed  power  normalized  by  the  pump  power  was: 

(a)  0  and  (b)  7  x  10*^.  In  the  laner  case,  the  seed  light  was  first  introduced  into  the  cavity  at 
time  t  =  0. 


Fig.  &1:  Transient  behavior  reminiscent  of  that  observed  by  [Krolikowski,  1990  #453] 
was  recorded  in  the  phase-conjugate  intensity  measurements  (Fig.  &I). 
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^  have  developed  a  theory  for  rwadegcaerate  oaciUatioaa  in  optical  reecaaton  contaiainc  an  intracavity 
phase-coryugate  element  The  pha«e-eoi\}ucatt  elcmeat  coneiata  of  a  nonlinear  tranaparent  medium  that  i> 
pumped  externally  by  a  pair  of  counterpropagating  laaer  bcama  of  the  tame  frequency  and  inteniity  Phaae 
conjugation  of  an  input  beam  of  alightly  different  frequency  oceura  becauae  of  nondegenerate  four-wave  mixing 
The  theory  taket  into  account  linear  abeorption  (or  gain)  in  the  medium  and  ia  applied  to  atudy  the  threahold 
behavior  phaae-eortjugate  oeeiUatora.  For  the  tpe^  caae  of  no  conventional  mirrort,  the  phaae-cotyugate 
eaeiltator  rc^ea  to  an  ordinary  phaae-coitjugate  mirror,  and  our  general  formttlation  yielda  the  reaulta  of  pre- 
vioua  ftudies  Our  analyait  thowa  that  the  parametric  gain  required  for  oecillation  increaaei  (or  decreaacs)  aa 
a  reault  of  linear  abaoiption  (or  gain)  in  the  medium,  and  oacillatioA  can  occur  at  a  frequency  different  from 
that  of  the  pump  beama  in  the  pretence  of  large  linear  gain  (or  buX  The  effecta  of  linear  abeorption  (or  gain) 
on  the  niter  operation  are  alto  examined 


INTRODUCTION 

Opticad  reaonatora  containinj  a  phaae-coivugate  element 
have  been  a  subject  of  great  interest  and  importance.  For 
correction  of  intracavity  aberration,  the  phase-coitiugate 
clement  can  be  employ-ed  as  an  end  mirror  of  the  optical 
resonator.*'^  In  these  resonators,  the  phase-conjugate  ele¬ 
ment  acts  as  a  unique  kind  of  mirror  (often  called  a  phase- 
conjugate  mirror)  that  combines  reflection  with  phase 
reversal.  Sufficiently  high  reflectivities  are  necessary 
for  efficient  operation. 

In  addition  to  their  unique  property  of  correcting  wave- 
front  aberrations,  these  phase-conjugate  elements  can  also 
provide  parametric  gain  and  conjugate  coupling  between 
the  oscillating  beams  As  a  result  et  the  parametric  gain, 
oscillation  is  possible  even  without  the  conventional  gain 
medium.  Such  oscillations  are  known  as  phase- conjugate 
oscillations.*  Recent  theoretical  analysis  indicates  that 
the  insertion  of  a  |dtase- conjugate  element  inside  a  ring- 
laser  cavity  results  ia  a  reduction  of  the  lock-in  threshold 
and  reduces  the  imbalance  between  the  amplitudes  of  the 
oppositely  directed  traveling  waves  in  some  ring-laser  sys¬ 
tems.^  la  the  extreme  ease  of  phase-conjugate  osciltalion 
without  conventional  gain  media,  it  is  shown  that  the 
loek-ia  can  be  completely  eliminated  The  study  of 
these  resonators  is  also  important  in  understanding  the 
stability  of  laser  oscillation  ia  situations  when  backscat- 


Ured  laser  radiation  may  eater  the  resonator  and  undergo 
parametric  four-wave  mixing  with  the  oscillating  beams. 

Although  a  few  special  cases  of  phase-conjugate  oscilla¬ 
tors  have  been  studied,  a  general  theory  that  includes  non- 
degenerate  oscillations  is  not  available.  In  this  paper  the 
authors  develop  a  general  theory  of  phase-conjugate  oscil¬ 
lators  ^  stuping  the  problem  of  wave  propagation  along 
the  axis  of  the  resonator.  The  matrix  method  introduced 
in  Ref  6  it  now  extended  to  the  ease  of  nondegenerate 
four-wave  mixing.  The  approach  is  general,  so  that  many 
of  the  situations  studied  previously  can  be  thowa  to  be 
upcciftl  in  (omAUmR, 

FORMULATiaN  OF  THE  PROBLEM 

Referring  to  Fig  1,  we  consider  a  linear  optical  resonator 
that  consists  of  two  partially  reflecting  mirrort  and  a 
nonlinear  medium  that  is  pumped  by  a  pair  of  external 
laaer  beams  of  equal  intensity.  These  two  laser  beams 
are  counterpropagating.  and  their  frequency  it  a*.  The 
nonlinear  medium  presides  linear  gain-absorption  as  well 
as  parametric  gain  by  means  of  optical  four-wave  mixing 
We  assume  that  the  bandwidth  of  the  linear  gain  is  suffi¬ 
cient^  broad.  To  investigate  the  general  properties  of 
such  a  resonator,  we  must  treat  the  problem  of  wave  propa¬ 
gation  along  the  axis  of  the  resonator. 

Let  the  electric  field  of  the  waves  be  written  as 


£ 


(1t,exp(-»k,(4  a)]  -»  exp(ikil4  ♦  a)J)  expdwiD  ♦  (t,  exp( -•*,(*  •*  o)J  ♦  <,  exptik,(4  •  a>Dexp(iu.,») 

for  f  <  -a 

{sl,(i)  exp(“ikiJ)  ♦  sf,(r)  esp(iiif)Jexp(i«.»f)  ♦  tsf,(e)  exp(-ik,4)  ♦  slj(i)  expdkjr))  eaptiw,/)  forO  <  r  <  /, 
(■Si  exi<-ii,lr  -  /  -  k)]  V  ‘g.exi^ikitr  -  /  -  k)D  exp(iw,/)  ■*  {'4,  exp{ -ik.<i  -  /  -  k)l 
♦  exf(i4j(4  -  1  -  bij)  esp(nM,r) 
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NONLINEAR 


E, 

E» 

E, 

E. 


PUMP  BEAM  At 

MIRROR  1} 


►G. 

G, 

‘G, 

G. 


t4b 


Ftf .  I.  Basic  (cORwtry  of  linear  phasc-coryufation  oscillation  by 
moans  of  nearly  (i«c«nerau  four-wav*  miiini;  In  this  cos*,  the 
inci^nt  probe  wave,  whos*  frequency  *>  s  1  is  slichtly  detuned 
from  that  of  the  pump  waves  (both  at  frequency  w),  will  reeult  in 
a  conjufate  wave  with  an  inverted  frequency  u  «  A  p  is  the  lin¬ 
ear  nonsaturatiac  background  (intensity)  net  pain  coefficient. 


where  )Si.  %i,  i<i(r).  j<o(z),  ‘Si,  and  ‘Sj  are  the  complex  am¬ 
plitudes  of  the  plane  wax-es  traveUng  in  the  *  t  direction 
and  Ifj,  t*,  -ittlz).  “Si.  aod  "S,  are  those  of  the  plane  waves 
travelinp  in  the  -s  direction.  A,,  ki,  k,,  and  k,  are  the 
wave  numbers  that  correspond  to  the  frecpiencies  4i|,  wj. 
ws,  and  w,.  respectively,  where  <*,  =  w  ♦  i,  aij  =  a»  -  5. 
4is  *  wt.and  4i,i«  w  4,  A„  and  G,  are  the  plane  waves 
cerreapondinp  to  the  complex  amplitudes  -M,,  and  ‘S. 
(where  i  >  1, 2. 3.  and  4);  A«  and  A*  are  pump  laser  beams; 
i  is  the  length  of  the  four-wave  mixing  interaction  rctfion; 
-e  and  t  *  k  are  the  positions  of  the  mirrors,  and  a{|,  sft, 
and  ai«  are  functions  of  r  because  of  the  linear  absorp¬ 
tion-gain  and  wave  coupling  owing  to  four-wave  mixing  in 
the  nonlinear  medium  The  problem  at  hand  is  to  derive 
expressions  (or  all  the  wave  amplitudes  (or  a  given  aet  of 
boundary  conditions. 

If  the  regions  between  r  s  -o  and  z  *>  0  and  between 
c  w  i  and  g  ^  t  *  k  are  linear  dielectric  media,  then  tiie 
following  linear  relationships  between  the  wave  ampli¬ 
tudes  exist 


AilO) 

o; 

'A,(f)’ 

At{d) 

“  Afi 

A'l 

-  Aft 

A,(f) 

A,(0) 

i', 

^3 

A,(f) 

A.(0) 

t. 

A.(f) 

where  Aft  and  St-  are  4*4  Kiatnce.  If  we  further  as 
sume  that  there  is  no  Fresnet  reflection  at  the  surfaces 
if  u  0  and  f  f)  of  the  nonlinear  mediunt  and  tump  U> 
gether  all  the  reflections  at  f  -  ~a  and  f  «■  f  ♦  4x  then 
the  matrices  can  be  written  as 


Af,  -  italA't, 
Af,  - 


with 


K  - 


I 

I  0 
I.  0 


t) 

I 

-  f, 

0 


0  t 

-f.  0 

1  0 

0  I 


(3) 

(4) 


I  -  1.2 


(i» 


and 


«p(-iAid)  0  0  0  " 

c,.,  0  exp<i*,d)  0  0 

0  0  exp(-i*,d)  0 

0  0  0  exp(tA,d), 

<6) 

where  ^  *  a,  k,  /;  r,  and  I,  are  the  amplitude  reflection 
and  transmission  coefficients,  respectively,  of  the  end 
mirrors  from  the  front  surfaces  (left  sides).  The  matrices 
Ft  and  Ft  account  for  the  Fresnel  reflection  and  transmis¬ 
sion  at  the  mirrors,  whcrca.4  the  matrices  S(a)  and  S(6) 
account  for  the  propagaition  through  the  bulk  of  the  linear 
regions. 

In  the  nonlinear  medium  between  x  °  0  and  f  >  f,  the 
waves  A|  a:>d  A]  and  the  pump  beams  are  coupled  by  opti¬ 
cal  four-wave  mixing.  The  waves  A)  and  A«  and  the 
pump  beams  are  similarly  coupled.  If  we  assume  no 
pump  depiction  of  the  waves  A|  and  A«  to  describe  oscilla¬ 
tion  near  threshold,  then  tlie  amplitudes  AtfO),  A](0). 
A)(0),  AilO)  and  Ai(/),  At(l).  A}(/),  A«(f)  will  be  shown  to 
be  related  by 


A.d)' 

A,(0)' 

A,(/) 

-  S{l)K 

A,(0) 

A,(f) 

A,(0) 

A.d) 

At(0)_ 

where  S(t)  and  K  are  4x4  matrices.  Using  an  approach 
similar  to  that  used  in  Ref.  6,  w«  now  determine  the  ma¬ 
trix  AT. 

We  derive  this  matrix  by  solving  the  coupled-mode  equa¬ 
tions  for  tlie  four-wave  mixing  processes.  As  a  result  of 
four-wave  mixing,  the  input  wave  al,  interacts  with  two 
external  pumping  laser  beams  atj  and  xl,,  and  a  phase- 
conjugate  wave  aft  is  generated  These  two  waves  are  re¬ 
lated  by  the  coupled-mode  equation**'** 

dsi,*  g 

»  iK^,  exp(-i  AAf)  ♦  x*^*!** 
a;  2 


i.i*sl:*  esp(i  Atf)  -  *  slj.  (S) 

df  2 

witefv  the  amplitudes  of  waves  I  and  2  have  been  redefined 
in  order  to  account  for  pump-induced  phase  madolation 
«.*  (<o./2)V'fiA  i'*’  xliXl.r*''*  Is  the  complex  coupling 

coefficient,  and  in  deriving  tlqs  (8)  we  have  assumed  that 
the  input  wave  and  its  conjugate  beam  are  small  compared 
with  the  pump  beams  Then  pump  depletion  is  negligible, 
and  sij  and  x(«  may  be  regarded  as  constants,  so  tliat  our 
theory  describes  nandegener ate  osciUation  near  threshold 
Note  that,  if  the  two  pumps  have  different  ivilenstties. 
then  s,  becomes  a  function  of  ;  owing  to  the  additional 
ptiase  mismatch  introduced  by  the  unequal  pumps  **  **  hi 
what  follows  we  shall  assume  lliat  the  two  pumps  base 
equal  inlenstltes  so  that  s.  is  independent  of  r  At  - 
t,  -  At  is  tlie  phase  mismatch,  and  g  Is  tlie  tiriear.  nun 
saturable  net  gam  (or  toss)  coefficient  In  order  to  sulxe 
Fqs  (8)  we  introduce  the  new  sariabtes  Ut  and  Ui 


j4,  -  u.e**', 

jgj  *  o,r  **'*  !•») 
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In  terms  of  the  new  variables,  the  coupled  e<)uations  (8)  Similarljr,  we  obtain  the  following  matrix  equation  for 

reduce  to  the  waves  sfj  and  sf.; 


d 

— o,*  "  i«iOiexp(-i(A*  -  ig)ij. 

d 

— o,  -  iK,*at*  exp(t(Ai  -  igUj. 


(»0) 


Solving  the  differential  eqttations  (tO)  in  terms  of  ai*(0) 
and  Oil/),  which  are  specified  by  boundary  conditions,  we 
obtain 


fliU)  =  ^{o,(0)s*  exp(«(A*  +  ig)/]  -  2»*,*Oi*(/) 
*  exp(i(A*  ig)/)}  sinh(»*f/2J, 
ai(0)  -  •^{-2t.3‘ai*(0)  sinh(j//2)  + 

X  cxp(-i(A*  -  JgUl}. 

where 


s  =  (-(A*  - 

D  =  (-g  -  j Aik)sinh(s//2J  +  sco3h(sf/2J.  (12) 

From  Eqs.  (9)  and  (II)  we  obtain  the  solutions  in  terms  of 
the  original  variables; 


eli(0  =  \  ex|>(»  Ail/2) 

al,(l)  =  -  exp(t  Ai/'2)t«*j’iUi*tO)  +  jijfO)).  (13) 
a 

whtrf^ 


a  » 


P  - 


~  sinhl 


»/ 


(U) 


Equattons  (t3i  can  be  rewritten  in  matrtx  notatton  as 


■slid) 

W  fJf 

st,(0) 

s»,(ll 

J,f0l 

where 


(13) 


Af  “  -4exp(«Ail,'2ttt«V  - 

a 

A’  »  —  exjXt  Ail;2). 

«• 


f*  *  -  extHt  Ail,'‘2).iV*. 

a 

V  «  "  em|x»Aif'2>.,^.  (Iti) 

M 


(17) 


where 

M  -  -exp(-iA*//2)M’  - 

0 

AT*  "  exp(-i  Ail/2), 

o 

P"  •  exp(-j Ai//2)<(2*i0. 
o 

O' - -^exp(-iAil/2)«,*/JV  (18) 

a 

In  striving  at  Eqs.  (17)  and  (18),  we  assumed  exactly 
the  same  pumping,  so  that  «]  .>  «]  and  ««  a  K|.  By  using 
Eqs.  (15)  and  (17).  we  can  now  write  the  matrix  K  in 

Eq.(7): 


M  PX  0  0 

QX  A'  0  0 

0  0  M  FX 

0  0  QX  AT 


(19) 


By  using  Eqs.  (2)-(4)  and  (7),  we  can  write  the  complex 
suaplitudes  Gi,  Gj.  G>.  G*.  £i.  £t.  £«.  and  £«: 


c,' 

C. 

C> 

=  PtS{l  *  b)KS{a)f\ 

£i 

c. 

£. 

Equation  (20)  may  now  be  used  to  study  the  refteC' 
tioa  and  transmission  properties  of  such  a  resonator.  lAe 
consider  the  most  general  ease,  where  CiC,  #  0,  g  *  0, 
|kix,*{  »  0,  and  Ai  »  0  Ustng  Eqs  (5).  (8).  and  (19)  and 
carrying  out  the  multtpltcaltoa  tn  Eq  (20),  we  obtain 


a/ 

f„j: 

FuJC 

F„ 

|f; 

o, 

1 

FnA 

F., 

F„A 

|F* 

“  M.f.* 

F>..V 

F„ 

F>,Jf 

;£> 

F.. 

r^x 

F^X 

F« 

- » 

# 

i 

wfhere 


(21) 


Pu  <*  {,*W  esp(-iiill  *  5  «  e») 

*  l,V,f,A’  expt‘lt(l  eh*  e)]. 

“  t,/'exK“*l:'l  «  hi  -  iiro) 

♦  eip(ti,tl  eh),  liju], 
f\>  «  -tiC,*/*  exp(  -  »i,ll  »  h)  -  tijuJ 

-  Il'sQ  exp(»i,(l  •  h)  »  ii,a]. 


and  X  la  the  complex -conjugated  operator,  defined  as 
XH  »  W*.  where  /f  u  an  arbtirary  number 


f‘,t  »  -r.V,  W  exp(-ti,(l  *  h  *  a)] 
-  f/CjA" exji(ii|(l  •  i  ♦  a)]. 
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*  b)  *  I*, a) 

Ftt  ■  <|W  t«p(iAt(/  *  b  *  a)] 

♦  ♦  4  ♦  a)], 

-  -t,V|N*xp(iJkj(/  +  &  +  a)] 

-  ♦  A  ♦  a)l, 
f»,  »  ~l,r,*Qtxt(ikt{l  ♦  A)  ♦  i*,al 

-  ♦  5)  -  iiiaj. 

■  -t,r,<?exp(j*aU  +  6)  ♦  »*io) 

-  t,r,*P'cxp( -!*,(/  ■*■  b)  ~  i*tal. 

Fit  -  -/iViA’ex|i{»Aj(/  ♦  6  ♦  a)l 

-  /,V,Jtf‘exi){-j*j(/  >  6  ♦  a)), 
fjj  ■  l»V,r,Af  exp(i*;(/  ♦  6  ♦  a)) 

♦  ti*A/'exp(-iA2{/  +  fc  ♦  a)]. 

•  *i^i*'’,<?exp(iA2(/  +  6)  ♦  i*,a) 

♦  /if*'exp(-»Aj(/  *  b)  -  iiia], 
f«  *  -/iVjJtf  ex|i(-iAi(/  +  6  +  8)) 

-  fiViAfexp(i*i(/  *  6  +  a)]. 

Ftx  «  -/ifj/’ex|i(-jA,(/  +  6)  -  »*ia] 

-  +  6)  +  iM]. 

#«i  ■  *  b)  -  lija] 

♦  tiQ «xp(iAi(/  *  b)  *  lAja), 

Fti  •  fiVir,Wexp(-«Ai(/  *  fc  ♦  a)] 

+  (,*A''expC«*i(/  *6  +  8)1.  (22) 

«a4  w«  rc«ali  that  X  b  th«  co«pl#x-ce(\)u^t«  aperatar. 

If  w«  view  Ev,  Ex.  Gx,  an<l  G,  as  the  input  waves  at  the 
two  (airrors,  then  the  output  waves  Ex,  £..  G  i,  and  G)  can 
be  tatwc4  from  Eqa.  (21)  in  terms  of  Eu  E],  Gt,  and  C«. 

At  OKUlatioR.  a  finite  solution  for  output  waves  Ej.  E«. 
G,.  and  G»  at  the  two  mirrors  may  exist  even  if  there  are 
no  input  waves  By  setttne  »  E>  Gj  ^  G.  =  0  in 
£i^s.  (21).  we  obtain 

G>  »  0  =  ^ 

•  1*1  h 

For  a  nontrtvtal  solution  (or  the  output  waves  E.  and 
the  determinant  of  the  coeffteients  ta  Es)  (23)  must  van- 
i»h.  i  e..  Fu*Ftt  -  «  0  Erota  Ei;p  (22),  this  eon- 

dition  can  he  written  as 

{r,0*exp(-.As(.'  •  6)  -  itja] 

•'  exp(t4,tl  *  &)  * 

•  {r,t  *  fe)  -  lAjUj 

*  r,*Q' exp{tt,t/  ♦  hi  ♦  itsu]) 

»  (A‘*  expl  -  tisi/  »  h  »  0)1 

♦  r,V,*W*  ex{^U;((  ♦  h  »  olD 
»  (r.r,JdeXfi( -li.u  *6.0)1 

♦  A'  exp(i*,i/  ♦  6  •  a)|.  (24) 


where  P,  Q,  P’,  Q',  M,  N,  M and  N'  are  given  by  E^.  (16) 
and  (16). 

The  above  occillation  condition  depends  on  AA,  g,  ei,  ei, 
a,  A  /.  ri,  and  r|.  In  what  follows,  we  investigate  the  oecil* 
tation  condition  by  adjusting  these  parameters. 

Wr  now  consider  the  case  when  there  is  only  one  input 
wave.  For  the  case  of  incidence  from  the  left  on  the  mir¬ 
ror  at  s  -  -a,  Et  may  be  considered  the  incident  wave, 
with  a  frequency  of  w  a  d.  If  this  is  the  only  incident 
wave,  then  £i  «  0  at  this  mirror,  while  Gj  and  G«  are  sero 
at  the  second  mirror.  The  wave  £>  at  w  -  d  is  generated 
as  a  result  of  the  optical  four-wave  mixing.  The  wave  £. 
is  produced  by  reflections  off  the  second  mirror  at  r  > 
I  b.  The  problem  at  hand  is  to  derive  expressions  for 
all  the  ouput  waves  Ei.  E«.  Gt,  and  Gj,  given  an  incident 
wave  E|  at  w  e  d.  Using  Eqs.  (21),  «/e  obtain 

C,  -  0  -  e  +  FuEA 

C.  ■=  0  -  F.,E,  ♦  F„£,*  +  (25) 


By  eliminating  Et  we  obtain  the  following  expression  for 
the  phase-coi)jugate  reflection  coefficient: 


FuFtt*  - 


(26) 


while  the  phase-conjugate  power  reflectivity  is  given  by 
Pf  “  IgI*'  Similarly,  we  may  obtain  the  eo^rent  reflec¬ 
tion  coefficient  at  u  +  d  as 


£i!  » 

El*  fitFa*  -  FiiFtt* 


(27) 


and  the  coherent  power  reflectivity  is  given  by  R,  =  [r.!*. 

In  addition  to  the  two  reflected  waves,  there  are  also 
two  transmitted  waves,  as  iUustraied  in  Ftg.  1.  These 
are  the  straight-through  part  of  the  incident  beam  Gt  at 
w  +  d.  Reflection  off  the  second  mirror  generates  an¬ 
other  incident  beam  at  w  +  d.  Phase  eottjugation  with 
frequency  flipping  at  the  nonlinear  medium  generate  the 
beam  C)  at  w  -  d.  Using  Eq.  (21).  we  tibtmin 


*  F^Ft  ♦  EttEt'l  (2&) 

Substituting  Eq:t  (26)  and  (27)  for  E.  and  i.\,  respec¬ 
tively,  into  Eqs  (2S),  we  obtain  the  expressions  for  the  two 
transmission  coefficients 


G  1 

""  77~r*^Fn  »  Els'/  * 

ft  I 

Gi  I 

G  "  7777 *  Fit't]. 

ftl 


(2’!»i 


while  the  pow-tr-lransnitutun  coefficients  are  given  b> 
r.  «  {rj’  and  T,  --  lf,i‘ 

The  four  teflectmi  and  transnussion  coeftietenis  de 
rtved  above  for  one  input  wave  Et  and  w  *  S  are  useful  for 
studying  the  usciUatton  condtltoos  for  various  types  of 
phase-coq)ugate  osetUatur  The  analysis  for  a  single  input 
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wave  at  (u  -  6  is  similar  and  may  be  obtained  from  our 
general  formulation  by  taking  Ej  as  the  input  wave  and 
£,  =  02  =  0.  =  0. 

We  are  now  ready  to  investigate  three  special  cases  of 
great  interest.  These  are  the  following: 

(i)  No  conventional  mirrors  (ri  =  r2  =  0),  so  that  the 
phase- conjugate  oscillator  reduces  to  a  phase-conjugate 
mirror. 

(ii)  Only  one  conventional  mirror  (r,  =  0),  so  that  the 
phase-conjugate  oscillator  reduces  to  a  phase-conjugate 
resonator,  i.e.,  a  resonator  bounded  by  a  conventional  mir¬ 
ror  and  a  phase-conjugate  mirror. 

(iii)  Both  conventional  mirrors  present  (r,,  rj  0), 
which  is  the  phase-conjugate  oscillator. 

In  each  of  the  cases,  we  will  consider  four  different  opera¬ 
tion  conditions:  (1)  Aft  =  0,  g  =  0,  |«i|  =  |Kjj  =  |»c|  0, 

i.e.,  degenerate  four-wave  mixing  without  linear  absorp¬ 
tion/gain  in  the  medium.  (2)  Aft  =  0,  g  ^  0,  |»fi|  = 
[kjI  =  |#f|  je  0,  i.e.,  degenerate  four-wave  mixing  with  lin¬ 
ear  absorption/gain  in  the  medium.  (3)  Aft  0,  g  =  0, 
lifiVjl  >  0,  i.e.,  nondegenerate  four-wave  mixing  in  the  ab¬ 
sence  of  linear  absorption/gain  in  the  medium.  (4)  Aft  ^ 
0,  g  ^  0,  IkjVjI  >  0,  i.e.,  nondegenerate  four-wave  mixing 
with  linear  absorption/gain  in  the  medium.  In  this  paper 
we  discuss  only  case  (i).  Cases  (ii)  and  (iii)  will  be  dis¬ 
cussed  in  a  subsequent  paper. ' 


PHASE-CONJUGATE  OSCILLATORS 
WITHOUT  CONVENTIONAL  MIRRORS 

In  this  section  we  set  ri  =  rj  =  0.  The  frequency  of  the 
input  wave  C|  is  (u  -k  2.  In  this  case  the  problem  then 
reduces  to  the  standard  nondegenerate  four-wave  mixing 
in  a  transparent  medium, which  is  characterized  by  a 
linear  gain  or  absorption  in  addition  to  the  parametric 
gain.  We  will  show  that  the  general  theory  developed  in 
this  paper  yields  the  results  of  previous  studies.”'*^ 

From  Eqs.  (26),  (22),  (16),  (18),  and  (12),  the  amplitudes 
of  the  reflected  wave  at  the  input  plane  (z  =  0)  can  be 
written  as 


s  s 

(-g  -  iAft)  sinh  —I  +  s  cosh  — / 

r.  =  0.  (30) 

Thus,  in  the  absence  of  the  conventional  mirrors,  there  is 
no  coherently  reflected  wave  at  w  -f  6,  only  the  phase- 
conjugated  beam  at  tit  -  is  reflected  by  he  nonlin¬ 
ear  medium.  The  transmitted  waves  at  output  plane 
(z  =  /)  arc 

tr  =  0, 


®  *  s* 

(-g  +  iAft)  sinh  —/  +  s*  cosh  —/ 

£  ft 

X  exp[-i(ft,  +  ftj)//2].  (31) 


Thus,  in  the  absence  of  the  conventional  mirrors,  there 
is  only  one  transmitted  beam  at  w  +  S.  We  note  that 
when  r,  =  rj  =  0  and  a  =  fc  =  0,  then  E,  =  Ai(0)  and 
G,  =  A,(/),  where  i  =  1,2, 3, 4.  If  we  define  complex  am¬ 
plitude  transmission  as  t,'  =  j<,(/)/i<j(0),  then  by  Eq.  (1) 
Ai(l)  =  j4,(/)exp(-ift,/)  and  At{0)  =  jtf,(0);  hence  by 
Eqs.  (29)  we  obtain  t,'  =  /,  exp((ft|/),  and  when  this  equa¬ 
tion  is  substituted  into  Ekjs.  (31)  we  get 

t,’  = - ^ - —  exp(iAft//2). 

(-g  -f  iAft)  sinh  —I  +  s*  cosh  —I 

(32) 

With  Ti  =  r2  =  0,  the  oscillation  condition  [Eq.  (24)]  be¬ 
comes  N'N*  =  0.  Substituting  E^s.  (16),  (18),  and  (12) 
into  Eq.  (24),  we  obtain  the  following  oscillation  condition: 

D  =  (-g  -  i  Aft)sinh  —l  +  s  cosh  =  0.  (33) 

Note  that,  at  oscillation,  r^  and  t,  approach  infinity  ac¬ 
cording  to  Ekjs.  (30),  (31),  and  (33).  We  now  consider  the 
four  different  operation  situations  and  compare  our  re¬ 
sults  with  previous  studies. 

Aft  =  0,g  =  0,  (Cl  =  Kt  =  K  This  is  the  case  of  degener¬ 
ate  four-wave  mixing  in  a  transparent  medium  without 
linear  gain  or  absorption.'* 

Under  these  conditions  the  oscillation  is  provided  by  the 
parametric  gain.  From  Eqs.  (13),  (30),  and  (31)  we  obtain 
the  phase-conjugate  complex  reflection  coefficient  and  co¬ 
herent  transmission  coefficient.  They  are 

K* 

r,  =  -ipj  tan|K|/, 

The  oscillation  condition  will  now  be  |«c|f  =  Tr/2, 
3?r/2,...,  etc.  Similar  results  have  been  obtained  by 
others.** 

Aft  =  0,  g  0,  ici  =  IC2  =  (c  This  corresponds  to  degen¬ 
erate  four-wave  mixing  in  a  transparent  medium  that  also 
exhibits  linear  gain  or  absorption.** 

From  Eqs.  (13)  and  (32),  the  phase-copjugate  complex 
reflection  coefficient  can  be  written  as 

_ t(c*  tan[H*  -  (g/2)*]''*/ _ 

[W’-(g/2)’r-(g/2)tan[|Kl*-(g/2)*n' 

According  to  Elq.  (35),  oscillation  occurs  when  the  fol¬ 
lowing  condition  is  satisfied: 

tan{[|,c|*  -  (g/2)*]''*/}  =  (36) 

where  k  =  {b)l2)\/fi/c  y'*!As*At*c*"*  <=  k'c*'’.  Equations 
(35)  and  (40)  agree  formally  with  the  results  derived  in 
Ref.  12,  except  that  they  have  considered  linear  absorp¬ 
tion  only.  Thus,  if  we  replace  g  with  -a,  we  will  obtain 
exactly  the  same  result  as  in  Ref.  12. 

Using  Eq.  (36),  in  Fig.  2  we  plot  the  parametric  gain  |(f'|/ 
versus  linear  gain  gl  at  the  oscillation  conditions  to  show 
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losst-si)  gainlg^) 

FtC  2.  FmaHtricg>m|N'i|  vwtustuMMfaukfimtthcoaeittB- 
tiaA  wnrfitton  •  ■ 


the  tffcet  of  fain  (or  Iom)  on  tho  coupUtif  constant  |«'|/  for 
dcftncratc  four-wav«  miainf  The  fifure  shows  that  the 
parametric  fain  required  for  osciltation  is  considerabty  in¬ 
creased  (decreased)  owing  to  linear  absorption  (fain)  in 
the  medium. 

Ah  w  0,  f  »  0,  «t«j*  >  0  This  is  the  ease  of  degener¬ 
ate  four-wave  miainf  in  a  transparent  medium  srithout 
linear  absorption  or  fain.“ 

Suhetitutinf  f  *•  0  into  E()s.  (30).  we  obtain  the  phase- 
eotgufate  reflection  coefficient: 


_ -ut*  tangstv,*  ♦ 

♦  (Ah/2)‘r*  -  »{Ah/2)  tana.,.,*  e  {A*/2)‘j'-'^() ' 

(37) 

which  is  identical  to  the  result  of  Ref  lA  Accord^  to 
Et).  (37).  oscittation  occurs  only  wlwn  Ah  s  0  and  V".,.,* 
i  •  s^S.  3s/2.....etc..  so  that  nondegenerate  escitlatien 
due  to  four-wave  miainf  is  not  possible  in  a  transparent 
Kerr  medium  Oecillation  with  no  input  wave  wiQ  occur 
only  at  the  pump  frv<gue«cy. 

Ah  •  0,  f  •  0.  I*,.,*!  >  0  This  is  the  case  of  defener- 
ate  four-wove  miataf  tn  a  transparent  medium  that  ea- 
hibits  linear  absorption- fatn  and  a  parametric  fain 
This  is  the  first  time  to  our  hnowkdfe  that  the  .ffocts  of 
noasaturable  bachfround  tosses  or  fain  in  the  transpar¬ 
ent  medium  on  phase  conjugation  by  defenerate  four -wave 
eniatnf  have  been  studied 

By  Etpi  (t2x  t3dj.  and  (31).  the  phase-cuttjufate  cumptea 
reflection  end  coherent  tnsnsmission  coefficients  are 


D  •  |-sinh^ 

II  /  p  p 

♦  coeh--/|Ah  sin—/  *  it  cos—/ 

3  V  2  2 

♦  i|-cosh^/|f  sin'j/  -  ocos-^/j 

♦  sinh^/|«  nn^l  -  Ah  «  0.  (39) 

By  settinf  the  real  and  the  imafinary  parts  of  the 
denominator  separately  e<|ua)  to  lero,  we  obuin  two 
simultaneous  nonlinear  etpiations  involvinf  three  dimen- 
sionless  veriabics;  f/.  .7,  and  Ah/,  where 
If  we  set  Ah/  as  the  independent  variable,  then,  by  usinf 
Brown’s  method  to  solve  the  two  nonlinear  equations,  we 
obuin  multiple-valued  solutions  for  gl  and  . /.  Note  that 
when  Ah/  -  0.  the  imafinary  part  of  D  is  eijual  to  aero, 
and  the  real  part  of  />  reduces  to  Eg.  (3€).  Usinf  Eg  (3£), 
we  find  that  for  oscillation  at  the  pump  freguency  tlie 
parametric  fain  reguired  is  .’/  >  3.13824, 1.57050. 
0.75250  for  a  linear  absorption-fain  of  gt  »  -t.0, 1.  re¬ 
spectively.  Nondcfcneratc  oscillation  is  not  possible  for 
these  seU  of  parameter  imlues.  Fifures  3  and  4  show  the 
phase-eei^ufatc  power  reflectivity  R,  and  the  coherent 
power  transmissivity  respectively,  versus  normalized 
wavclenfth  detuninf  'F  for  three  values  of  gl  >0.  S I  at 
eecillstioB  condition.  By  definitioA.  't'  ■  (AA/2)  (2a//t'). 
which  is  also  egual  to  the  phase  mismatch  Ah/  divided  by 
2v.  The  waveleafth-detuninf  parameter  AA/2  corre¬ 
sponds  to  the  diffortnee  in  wavelenfths  of  the  probe  field 
Et  relative  to  the  pump  fields  A^  These  two  figures 
show  that  linear  ahserption  losses  in  the  medium  substan¬ 
tially  increase  the  threshold  value  of  .7  for  which  osciUa- 
tien  will  eceur  at  the  pump  freguency.  If  the  medium 
were  somehow  to  eahibit  linear  fain  instead  of  absorption, 
then  the  thrcahold  value  of  the  cauptinf  strenfth  would  be 
cerrespendincly  lowered  ewtnf  to  the  additisnal  fain  then 
available  ftom  amdium. 

Using  Ggs.  (38X  we  plot  in  Fig  5  the  powcr-refWction 
coefficient  R,  versus  a  nermalteed  wavelength-detuning 
parameter  ♦  for  [.‘1/  •  »/2  and  several  values  of  the  lin¬ 
ear  gain  gl  For  finite  g.  osetUatton  ceases  to  occur  at 
|.’{/  «  v/3.  but  it  occurs  at  higher  (Iswer)  values  for  linear 
absorption  (gain)  in  the  medium 

Figures  8  and  7  are  the  normalised  phase -conjugate 
power  reflectivity  and  normalized  coherent  power  traas 
missivily,  respectively,  versus  normalitcd  wavelength 
detwiung  T  They  show  the  effects  of  linear  gam  or  ah- 


-i.-*  tang.,.-*  V  (A4  -  7) 


•  (A4 


^  tang.,..*  ♦  iAA  - 


t.  “ 


t*.*.,  *  (A4  «  ig)V4f*wecg.,*i.,  .  (At  .  «g»V4r*0 


{.,V,  *  (At  *  igl'.Mf'  * 


«(At  •  ig) 


lang.,*w,  .  (At  ♦  ig)*MfVj 


e.p(-»(t,  .  tj//2J  (35, 


The  osciltatum  conditien  can  to  obtained  by  either  set¬ 
ting  the  demaminatocs  to  zero  m  £<p  (3i.i  <w  simply  u»eg 
Eg  (33i  With  s  •  a  •  tu  Eg  (33i  can  to  written  as 


sorption  on  tto  wavelength  response  for  the  fitter  atgitoa 
tom  Several  prommeni  foaturcs  should  to  noted  Ftru. 
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Pig.  3.  Phase-conjugate  power  reflectivity  R,  versus  normalized 
wavelength  detuning  S'  for  several  values  of  linear  gain  gl  »  0, 
±1  when  |k7|  satisfies  the  oscillation  condition.  For  the  example 
given  in  the  text,  unity  along  the  abscissa  corresponds  to  AA/2  = 
0.0772  A,  or  Av  =  9.29  GHz. 


normalized  KAVELENGIH  detuning  t 


Fig.  4.  Coherent  power  transmissivity  R,  versus  normalized 
wavelength  detuning  S'  for  several  values  of  linear  gain  gl  •=  0, 
±1  when  |k‘|/  satisfies  the  oscillation  condition.  For  the  example 
given  in  the  text,  unity  along  the  abscissa  corresponds  to  AA/2  = 
0.0772  A,  or  =  9.26  GHz. 


when  \gl\  is  less  than  0.1,  the  effect  on  the  filter  of  gain 
(gl  >  0)  or  loss  (gl  <  0)  on  the  filter  characteristic  is  neg¬ 
ligible.  Second,  larger  linear  gain  (or  loss)  degrades  the 
filter  characteristics.  Third,  the  filter  characteristics  of 
the  phase-conjugate  reflection  are  better  than  those  of 
transmission  for  finite  gain  (or  loss). 

In  practice,  linear  gain  of  the  nonlinear  medium  depends 
on  the  pumping  source.  Using  Eqs.  (38),  we  plot  in  Figs.  8 
and  9  the  linear  gain  (or  loss)  gl  versus  normalized  wave¬ 
length  detuning  'P  for  constant  reflectances  and  trans- 
mittances,  respectively,  when  |n'|/  *  ir/2.  We  recall  that 
K  =  (w/2)Vfi/e  AjMe'e*"’  =  x'e'*'*.  In  these  figures, 
we  plot  only  the  minimum  absolute  linear  gain  |g|f  ver¬ 
sus  normalized  wavelength  detuning  'i'  because  gl  is  a 
multiple-valued  function  of  ihk  for  constant  reflectances 
or  transmittances  in  Eqs.  (38). 
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If  we  increase  the  absolute  value  of  |g/|  above  2,  then 
nondegenerate  oscillation  at  a  frequency  different  from 
that  of  the  pumps  becomes  possible.  Figure  10  shows  the 
solution  of  D  =  0  for  gl  and  k'I  versus  normalized  wave¬ 
length  detuning  Because  the  solution  is  multiple  val¬ 
ued,  it  is  possible  to  have  many  pairs  of  gl  and  k'I  values 
for  a  particular  value  of  'k  In  this  figure,  the  curve  pair  3 
(shown  as  a  dashed  curve)  for  k'I  is  not  shown  because  it 
is  greater  than  1.8.  The  curve  pair  1  (shown  the  solid 
curve)  shows  that,  for  example,  if  linear  gain  gl  is  in¬ 
creased  to  4.32152,  then  one  can  decrease  the  parametric 
gain  k'I  to  0.13281  in  order  to  observe  nondegenerate 


Fig.  5.  Power-reflection  coefficient  R,  versus  a  normalized 
wavelength-detuning  parameter  S'  for  |<(’|/  =  ir/2  and  several  val¬ 
ues  of  the  linear  gain  gl.  For  the  example  given  in  the  text,  unity 
along  the  abscissa  corresponds  to  AA/2  *  0.0772  A,  or  Av  = 
926  GHz. 
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Fig.  6.  Normalized  phase-conjugate  power  reflectivity  versus 
normalized  wavelength  detuning  ^  for  parametric  gain  |k|/  »  ir/2 
and  several  values  of  linear  gain  gl.  All  curves  are  normalized  to 
unity  power  reflectivity  to  emphasize  the  frequency  bandpass  of 
the  interaction. 


62 

C11264DD/ejw 


5C5538.fr 


Rockwell  International 

Science  Center 


9t 

0.5 


-0.5 

0.1 

-0.1 

0 


ig.  7.  Normalized  coherent  power  transmissivity  versus  nor- 
lalized  wavelength  detuning  '1'  for  parametric  gain  |«|f  =  ir/2 
nd  several  values  of  linear  gain  g/.  All  curves  are  norm^zed  to 
nity  power  transmission  to  emphasize  the  frequency  bandpass 
r  the  interaction. 


CONCLUSION 

In  conclusion,  we  have  treated  the  generalized  theory  of 
the  propagation  of  electromagnetic  radiation  in  phase- 
coiyugate  oscillators.  Wavelength  detuning  and  linear 
and  parametric  gain  are  all  taken  into  account.  Phase- 
conjugate  power  reflectivity  and  transmissivity,  coherent 
power  reflectivity  and  transmissivity,  and  the  oscillation 
condition  are  derived.  We  have  studied  the  special  case  of 
no  conventional  mirrors  by  using  this  general  theory  and 
compared  our  results  with  those  of  previous  studies.  Our 


NORMALIZED  WAVELENGTH  DETUNING  T 


NORMALIZED  WAVELENGTH  DETUNING  T 


'ig.  8.  Contours  of  equal  reflectance  for  |if’|f  =  ir/2  on  the  linear 
ain  (or  loss)  versus  normalized  wavelength-detuning  plane.  For 
he  example  given  in  the  text,  unity  along  the  abscissa  corre- 
ponds  to  AA/2  -  0.0772  A,  or  Av  »  9.26  GHz. 


iscillation  at  |^|  =  1.31.  Figure  11  is  a  plot  of  Z?,  and  T, 
'ersus  the  normalized  wavelength  detuning  for  gl  » 
1.32152;  x'l  w  0.13281,  showing  the  possibility  of  observ- 
ng  oscillation  at  a  frequency  different  from  that  of  the 
)ump  beam  for  this  set  of  parameter  values. 


Fig.  &  Contours  of  equal  transmittance  for  |ic'|/  ir/2  on  the 
linear  gain  (or  loss)  versus  normalized  wavelength-detuning 
plane.  For  the  example  given  in  the  text,  unity  along  the  ab¬ 
scissa  corresponds  to  AA/2  >  0.0772  A,  or  Av  w  926  GHz. 


NORMALIZED  WAVELENGTH  DETUNING  T 

Fig.  10.  Psrametrie  gain  k'I  and  linear  gain  gl  versus  normal¬ 
ized  wavelength  detuning  at  the  oscillation  condition. 
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Fig.  11.  Phase-conjugate  power  reflectivity  R,  (solid  curve)  and 
coherent-power  transmissivity  T,  (dashed  curve)  versus  normal¬ 
ized  wavelength  detuning  'I'  for  gl  =  4.32152.  k‘1  =  0.13281. 


results  indicate  that  in  the  presence  of  large  linear  gain 
(or  loss),  oscillation  can  occur  at  a  frequency  different 
from  that  of  the  pump  beams. 
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Abstract 

This  paper  is  the  second  of  a  series  describing  propagation  of  electromagnetic 
radiation  in  phase— conjugate  oscillators.  We  apply  the  formulation  developed  in  the  first 
p^er  to  study  the  phase-conjugate  resonator  (PCR)  and  the  Fabry— Perot  cavity  vrith  an 
intracavity  phase-conjugate  mirror  (PCM).  Our  results  show  that  nondegenerate 
oscillation  occur  in  the  PCR  for  large  parametric  gains  and  fixed  separation  between  the 
conventional  reflector  and  PCM.  The  bandwidth  is  considerably  reduced  from  that  of  a 
PCM  alone.  In  the  phase— conjugate  oscillator,  oscillation  will  occur  at  the  pump  frequency 
only  if  there  is  no  separation  between  the  conventional  mirrors  and  the  phase-conjugate 
element,  and  the  nonlinear  medium  fills  the  entire  Fabry— Perot  cavity. 
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In  part  I  of  this  series/*^  we  formulated  the  power  reflectivity/transmissivity  and 
oecillation  condition  in  phase-conjugate  oscillators.  Thase  oecilleitors  consist  of 
conventional  Fabry— perot  cavities  with  an  intracavity,  transparent  Kerr  medium  that  is 
pumped  externally  by  a  pair  of  off-axis,  counterpropagating  pump  beams.  An  external 
signal  with  a  frequency  different  from  that  of  the  pump  beams  is  injected  into  the  cavity 
along  its  axis.  Nearly  Degenerate  Four— Wave  Mixing  (NDFWM)  generates  a  wave  that  is 
phase— conjugate  of  the  signal  beam.  Additional  waves  arise  due  to  the  presence  of  the 
conventional  end  mirrors  of  the  cavity.  Extermally  driven,  intracavity  four-wave  mixing  in 
Fabry— perot  resonators  has  been  considered  before  by  Agrawal^^^  and  Yaholam  and 
Yariv^^^  in  saturable  absorbers  and  photorefractive  media  respectively,  and  for  equal 
frequency  of  the  interacting  waves.  In  contrast  to  our  study.  Refs.  2  and  3  consider  the 
external  driving  field  bouncing  back  and  forth  between  the  two  mirrors  of  the  cavity  as  the 
counterpropagating  pumps  for  the  nonlinear  medium,  while  another  external,  weak  signal 
that  is  not  part  of  the  cavity  probes  such  a  device,  thereby  combing  DFWM  with  cavity 
operation. 

We  apply  our  general  formulation  of  nondegenerate  operation  of  phase-conjugate 
oscillators  to  the  special  case  of  a  Fabry— Perot  cavity  with  one  conventional  mirror  and  a 
PCM,  i.e.,  a  PCR.  This  device  has  been  studied  extensively. Refs.  4—6  examined  the 
transverse  modes  in  a  PCR.  Refs  7  and  8  looked  at  the  fields  within  and  outside  a  PCR 
vdthout  taking  into  eu:count  the  nature  of  the  nonlinear  process  responsible  for 
phase-conjugate  reflection.  Ref.  9  examines  the  effects  of  a  noisy  probe  field  incident  on  a 
phase-conjugate  Fabry— Perot  resonator.  Our  theory  describes  nondegenerate  oscillation  in 
a  PCR  by  taking  into  account  the  four— wave  mixing  process  responsible  for  generate  of  the 
phase-conjugate  wave.  Analytic  expressions  are  obtained  for  power  reflectivity  and 
transmissivity,  as  well  as  the  oscillation  condition,  showing  their  dependence  on  linear  emd 
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parametric  gain  of  the  PCM,  mirror  reflectivities  and  separation  between  mirrors  and 
PCM.  Numerical  plots  are  presented  to  illustrate  this  parameter  dependence. 

PHASE  CONJUGATE  OSCILLATORS  BOUNDED  BY  ONE  CONVENTIONAL 
REFLECTOR  AND  ONE  PHASE  CONJUGATE  MIRROR 

Referring  to  Fig.l,  we  consider  a  linear  optical  resonator  bounded  by  a  PCM  and  one 
conventional  mirror  rj.  The  PCM  is  a  transparent  Kerr  medium  with  hnear  gain  (or  loss), 
and  it  is  pumped  externally  by  a  pair  of  counterpropagating,  off-axis  laser  beams  of 
frequency  u.  A  weak  probe  field  at  frequency  uH-5,  where  ^<<a>,  is  incident  on  the  PCM 
from  the  left.  The  field  Ej  at  frequency  and  propagating  backwards  to  the  left  of  the 
PCM,  is  generated  by  NDFWM  at  the  PCM.  The  field  E4  at  frequency  uH-f  and 
propagating  backwards  to  the  left  of  the  PCM  is  generated  by  reflections  off  the 
conventional  mirror  of  the  beam  transmitted  by  the  PCM.  Waves  Gi  and  G3,  at 
frequencies  and  respectively,  propagate  in  the  forward  direction  to  the  right  of  the 
conventional  mirror,  and  can  be  similwly  interpreted.  Using  the  formulation  developed  in 
Ref.l,  the  complex  phase-conjugate  reflectivity  and  transmissivity,  rp  and  tp  and  the 
coherent  reflectivity  and  transmissivity,  r*  and  t*,  respectively  are  given  by: 


^2 


1. 

“  P  1^21 


G,  -i4  ^  a  r 2  (l-rj) 


e; 


,  rrt“2inkb  ♦  /o  ^  I  1^1 

tj[e  P  Irjl  ] 


T. — T. 


(1) 
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(1) 


where 


/ct=-^|-^ — t  Akskj-kj 
a=-^ 

)S=— p-«uah[T^]  (2) 

8  =J-{Ak-ig)  -4«iK? 


D=(-g-iAk)8inh[8  |/2]+8  co8h[8  1/2] 


The  oscillation  condition  is 


(3) 
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Note  that  the  power  reflectivities  Rp,  power  transmissivities  Tp,  T(,  and 

oscillation  condition  are  independent  of  the  phase  introduced  by  reflection  or  transmission 

2  2  2  2 

at  mirror  2,  where  Rp=|rp|  ,  B«=|rs|  ,  Tp=jtp|  and  Ts=|t(|  .  Note  that  in  the  absence 
of  mirror  2  (rjsO)  r,=  tpS=0,  while  rp  and  t,  reduce  to  the  results  of  Ref.(l)  for  a  PCM, 
except  that  the  wave  Gj  now  measured  at  /-f  b  instead  of  t. 

We  shall  now  discuss  four  different  operation  conditions:  (1)  Ak=0,  g=:0, 

(2)  Ak=0,  g^tO,  (3)Ak^,  g=0,  Xj/C2>0;  (4)Ak^,  g^,  /c*«2>0.  For  each  case,  we 

shall  discuss  the  phase— conjugate  power  reflectivity  and  transmissivity,  coherent  power 
reflectivity  and  transmissivity  and  the  oscillation  condition. 


(1)  Ak=0,  g=0,  #cj=aj=x 

This  is  the  case  of  Degenerate  Four  Wave  Mixing  (DFWM)  in  the  phase-conjugate 
element  of  the  PCR. 

By  Eqs.  (1)  and  (2)  the  complex  phase-conjugate  reflectivity  rp  and  transmissivity 
tp,  coherent  reflectivity  r,  and  transmissivity  t,  are  given  by 


^P="  tan  I «  U  1 « I  / 


r=8ec2l«l/e2^(^^) 

t^8eclK|/e"‘^(^^)- 


l-jrjl^tan^jcj/ 

l-|r2|"tan|Kl/ 


(4) 
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where  k=:ki=k).  Note  that  if  then  we  recover  the  results  of  Refs.(l)  and  (9)  for 
DFWM  in  n  PCM.  Identifying  tan*|/c|f  and  sec*|K|/  as  the  phase-conjugate  power 
reflectivity  and  coherent  transmissivity  of  a  we  note  that  equations  (5)  are 

similar  to  the  results  obtained  in  Ref.8  for  the  fields  in  a  PGR.  The  differences  arise 
because  Vesperinas^*)  considers  the  external  probe  field  to  be  incident  on  the  mirror 
instead  of  the  PCM,  and  does  not  account  for  the  nonlinear  process  responsible  for  phase 
conjugation  at  the  PCM. 

By  Eqa.(2)  and  (3)  the  oscillation  condition  is 


Irjptan^lal^l  (5) 

Equation  (5)  is  identical  to  the  result  obtained  in  Ref.(9),  and  shows  that  if  mirror  2 
is  perfectly  reflecting,  then  oscillation  occurs  at  |ic|l=:ir/4,  which  is  lower  than  that  for  a 
PCM  alone  by  a  factor  of  2. 

Note  that  for  the  PCR,  the  oscillation  condition  (5)  and  the  four  power  coefficients  in 
Eq.(4)  are  independent  of  the  separation  b  between  the  PCM  and  the  conventional  mirror. 

(2)  Ak=0,  g^, 

This  is  the  case  of  DFWM  in  the  nonlinear  medium  with  linear  gain  or  loss  besides  the 
parametric  gain. 

Substituting  Eq8.(2)  in  Eq  (3)  and  simplifying,  the  oscillation  condition  becomes 
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2 


g+2|«j| 


(6) 


The  above  equation  shows  how  the  presence  of  linear  gain  (or  loes)  will  affect  the  values  of 
parametric  gain  required  for  oscillation  in  a  PCR. 

The  resonator  oscillation  frequency  w  is  also  independent  of  the  separation  between 
the  two  reflectors  for  DFWM  in  the  PCM. 

In  Fig.2,  we  plot  the  parametric  gain  kU  required  for  oscillation  versus  the  linear  gain 
or  loes  g/for  several  values  of  conventional  mirror  reflectivity:  (rjl^l,  0.8,  0.5,  and  0.1. 
When  there  is  no  linear  gain/loss  (g=0)  and  |raP=l,  the  coupling  strength  required  for 
oscillation  is  t/4,  as  expected  from  Ref.(9)  for  a  PCM  in  the  presence  of  a  perfectly 
reflecting  mirror.  Linear  absorption  losses  in  the  medium  substantially  inaease  the 
threshold  value  of  |k’(/  for  which  oscillation  will  occur.  If  the  medium  were  somehow  to 
exhibit  Imear  gain  instead  of  absorption,  then  the  threshold  value  of  the  coupling  strength 
is  correspondingly  lowered  due  to  the  additional  gain  now  available  from  the  medium.  Also, 
for  a  ^ven  linear  gain/loss  in  the  nonlinear  medium,  the  threshold  value  of  { x*  |  /  for 
oscillation  increases  as  losses  at  the  conventional  mirror  of  the  phase-conjugate  resonator 
are  increased. 

(3)  Ak^,  g=0,  xisa>0 

This  is  the  case  of  NFWM  in  the  PCM  of  the  phase-conjugate  resonator. 

The  oscillation  condition  can  be  separated  into  an  amplitude  and  a  phase  part.  The 
equality  of  amplitude  part  yields 
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(7) 


ftnd  the  equality  phase  part  yields 


tan(bAk)=- 


Ak _ 

jAk*+4AC|/Cj 


tan 


(8) 


Due  to  NDFWM  in  the  PCM  of  th-  phase-conjugate  resonator,  the  oscillation  condition  is 
now  a  function  of  the  sep>aration  ’b’  between  the  PCM  and  the  conventional  mirror.  For 
practical  l^>plication8,  if  we  choose  bssO,  i.e.  the  conventional  mirror  is  placed  exactly  at 
the  back  of  the  PCM,  and  if  we  consider  nondegenerate  oscillation  (Ak^),  then  Eq.(8) 

requires  jAk*+4Kiaj  i=2pr,  where  p  is  an  integer.  This  however  can  not  satisfy  Eq.(7) 
because  is  a  real  and  positive  number.  Hence  if  bsO,  oscillation  will  only  occur  at  the 
pump  frequency  with  Aks=0.  From  Fig.(2),  the  minimum  parametric  gain  required  for 
oscillation  will  occur  for  a  perfectly  reflecting  conventional  mirror  with  lra|*=i.  Hence  for 
this  special  case,  the  oscillation  condition  of  Eq.(7)  can  be  aimpUned  to 


(9) 
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Since  the  ma^tude  of  coeine  function  cannot  exceed  unity,  by  Eq.(9),  oacillation  can 
be  achieved  only  when  the  abeolute  value  of  the  the  maximum  wave  number  detuning  |Ak| 
ia  equal  or  leai  than  Let  KiKtSK^  then  Eq.(9)  can  be  solved  for  a/  as  a  function 

of  tkl/2t  by  numerical  methods  and  we  can  obtain  b// from  Eq.(8). 

We  plot  the  phase  corrugate  power  reflectivity  Rp  versus  normalised  wavelength 
detuning  =(-^0  A/2)(2  n  //  A*)  in  Fig.(3).  The  dot-dashed  curve  represents  the 

case  of  no  conventional  mirror  ,i.e.,  an  ordinary  PCM  based  on  NFWM,  with  a  parametric 
gain  of  r/2.  The  solid  curve  corresponds  to  a  linear  resonator  with  a  PCM  and  a  perfectly 
reflecting  ccnventional  mirror  placed  exactly  at  the  back  of  the  PCM.  The  parametric  gain 
for  this  curve  is  x/4.  Notice  that  the  introduction  of  the  mirror  not  only  reduced  the 
parametric  gain  required  for  oscillation,  but  it  also  dramatically  decreased  the  bandwidth 
of  the  filter.  This  is  because  feedback  from  the  mirror  in  the  imn  of  reflected  light  along 
the  axis  of  the  resonator  increases  the  internal  gain  available  from  the  PCM,  thus 
increasing  the  finesse  of  the  resonator.  Oscillation  occurs  at  pump  frequency  in  both 
eases.  A  larger  value  of  the  parametric  gain  above  this  threshold  value  (xi=  1.11065,  as  in 
the  dashed  curve  of  the  same  figure)  shows  that  noodegenerate  oscillation  is  now  possible 
at  ak^2rss0.353,  but  for  the  fixed  separation  b/iB0.70722.  The  bandwidth  of  the 
dashed  curve  is  leas  than  that  of  the  solid  curve. 

(4)  ak^.  g^.  icix5>0 

This  is  the  case  of  NFWM  in  the  externally  pumped  nonlinear  medium  with  linev  gain  or 
loss  besides  the  usual  parametric  gain. 

Numerical  plots  of  the  phase-conjugate  reflectivity  of  the  PCR  is  shown  in  F»g.4  as  a 
function  of  normalized  wavelength  detuning  4',  respectively  for  rjs— 1,  ic*i=l  and  two  linear 
gain  gfc=*0.2.  For  filter  applications,  linear  gain  (gh>0)  is  better  than  linear  loss  (gl<0) 
because  the  central  peak  (at  ak//2ns0)  is  smaller  for  linear  gain  than  for  Unear  loss,  and 
the  Side-lobe  structure  ia  reduced 


74 

C112640D/eiw 


SC53M.fr 

We  rewrite  Eq.(3)  ^ 


Rockwell  International 

Science  Center 


(10) 


where  p  is  en  integer.  Then  b//has  multiple-velued  solution  for  the  phase  part  of  Eq.(lO) 
when  gl  and  are  fixed.  We  plot  the  phase-conjugate  power  reflectivity  versus 
normalised  wavelength  detuning  in  Fig.  5  to  show  the  effects  of  different  values  of  h/l 
corresponding  to  p=0,l  on  the  mode  spacing  at  the  oscillation  condition.  This  figure  shows 
that  when  we  increase  p  ,i.e.  increase  separation  b/(  then  it  will  have  the  detrimental 
effect  of  decreasing  the  mode  spacing  and  increasing  the  power  reflectivity  in  side-lobes 
other  than  that  at  the  oscillation  frequency. 

PHASEMDON  JUGATE  OSaiLATOR* » 

Referring  to  Fig.6,  we  consider  an  optical  resonator  that  consists  of  two  partially 
reflecting  mirrors  rt  and  rj  and  an  intracavity  PCM  that  provides  linear  gain  (or  loss) 
besides  parametric  gain  via  FWM. 

(1)  g=0.  «i=sj=0.  Ak=0.  RiRi^ 

Ttus  is  the  case  of  a  Fabry-Perot  cavity,  with  mtracavity  PCM. 

The  coherent  reflection  and  transsovission  is 
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lie”"*  +r:e-““‘ 

•  oira  7^-iR<r 

rirjC  +e 


1 


l+r?  rj-rf 


(11) 


where  d=ffe+b,  k^kt^ki  Theee  two  equation*  can  reduce  to  Airy**  formula.  Note  that 
t«s;0  if  rjsl,  since  there  i*  no  tranunitted  wave  Gi  if  mirror  2  i*  perfectly  reflecting.  Abo 
note  that  rpstp=0,  a*  expected  in  the  absence  of  the  intracavity  PCM. 

(2)^,  ai=«a=0.  Ak*0.  RiRa^. 

Thi*  i*  the  case  of  a  Fabry  Perot  cavity  with  an  intracavity  linear  gain  medium. 

Using  rtss^!^,  rjss-^K^,  the  oscillation  condition  can  be  written  a* 


l+RiIl:e*‘-JJHiHre**«»(21«l)=0 


(12) 


where  Ri  azui  Rj  are  real  numbers  Solving  thi*  equation,  we  obtain 


^  RjRj 


(13a) 


which  means  that  laser  round  trip  gain  roust  be  equal  to  unity,  and 
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R‘ft+b)s52p  r 


(13b) 


where  p  it  an  integer.  Bence  in  a  Falffy->Perot  cavity  with  an  intracavity  gain  medium,  the 
net  phase  change  acquired  in  one  round  trip  must  be  an  integral  multiple  of  2s. 


(3)  ga=0,  «!=«!=:«,  Ak=0, 

This  is  the  case  of  DFWM  in  the  PCM  bounded  by  two  conventional  mirrors. 

Using  the  formulation  developed  in  Ref.l,  we  get  the  phase  copjugate  reflection 
coefflcient 


)(1+Rj)i  tanjsj/ 

rp= - ^ ^ -  (14) 

1 1  { 1  -f  RiRjf-tan^  {  k  { /[R  i +Rj)  4  ( 1+lan^  i  )  ( r  i  r  }6  ^^^+r tr 


Eq.(14)  shows  that  when  «s0,  then  fpsO,  which  means  that  when  there  is  no  four 
wave  mixing,  phase  conjugate  wave  cannot  be  generated  Note  also  that  if  RtsO.  then  we 
recover  the  results  for  ip  (Bqs  (4))  for  the  PCR.  If  Ri=l.  then  rp=0  because  then 
phase-conjugated  li^t  cannot  be  transmitted  to  the  left  by  mirror  1. 

Similarly,  we  can  obtain  the  coherent  reflection  coefflcient 


i+R,R,-ua!  I « I /(R , +Rd+(i+ iM  1 1  .n )(, ,  t,e'’ ' 
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where  Ri=|ri|^;  i—1,2.  Note  that  this  equation  reduces  to  Airy's  formula  given  by  £qs.(ll) 
when  |/c|t:0.  For  oecillation  to  c  cur  the  denominator  of  £q.(15)  must  be  sero.  Hie 
resulting  equation  can  reduce  to  the  result  of  Yeh/**J 

(4)  gf(i,  «i=«a=/c,  Ak=0, 

This  is  the  case  of  DFWM  in  a  transparent  medium  with  Unear  (or  loss)  and 
parametric  gain  bounded  by  two  conventional  mirrors. 

In  Fig.7,  we  plot  the  threshold  parametric  gain  |ic’|/a8  a  function  of  the  normalized 
cavity  length  ^=k(^f  a4-b)=kd  with  r2=— 1,  ri=^ir5,  and  linear  gain  (or  loss)  g^^.05268. 
Note  that  for  cavity  lengths  with  ^=7r,  oscillation  can  still  occur  for  7  not  an  integer  and 
the  minimum  threshold  occurs  when  7  is  an  integer.  We  plot  the  parametric  gain  k'I  versus 
linear  gam  g/  at  threshold  oscillation  condition  for  various  7  in  Fig.8  when  |r2|=:— 1, 
I  ri  1=^015.  It  shows  the  effects  of  gain  (or  loss)  on  oecillation.  When  7  is  an  integer 
(mimmum  threshold)  and  linear  gain  of  medium  reaches  its  threshold  value, 
gt=~^n(--p[j]^),  then  a*fc=0  for  oecillation,  as  given  by  Eq.  (13a). 

(6)  g=0,Ak^,  laiaal^.RiRj^. 

This  is  the  case  of  NDFWM  in  the  transparent  nonlinear  medium  bounded  by  two 
conventional  mirror. 

Consider  example  1,  with  et=b=0,  and  adjust  the  phase  of  ri  emd  rj  such  that 


nrje  cos[(ki+k2)/+(]  (16) 


where  (  is  the  total  phase  of  reflection  from  mirrors  ri  and  r2.  The  oscillation  condition 
reduces  to 
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2(o*)^lrir2j  cos[(ki+kj)H-^]+RiE2[(a*)2-/c2(j5*)2p^l_^2(yj*)2jRj_j.R2]=0  (17) 


By  separating  the  above  equation  into  real  and  imaginary  parts,  Eq.(17)  reduces  to 


(l-RlR2)Ak^  Ak2+4a2  ein^  AkH4/c’^  f=0  ( 18a) 

2^ITO(Ak2+4«2)c06[(ki+k2)ff4]+(RlR2+l)(Ak2cOS^AkH4«^  /+4«2cos2i^^^^^^0 
-4/c2(Ri+R2)8in2^^"|^--  /=Q  (18b) 


Note  that  when  Ak=0  Eq.(18a)  is  alway  satisfied  and  Eq.(18b)  reduces  to  the  result  of 
Ref.(12). 

For  RiR2<1  and  ak^O,  sin^Ak2+4K‘'^  t=0,  and  Eq.(18b)reduces  to 


cos[(ki+k2)/+(l= - neither 

2  ^RiRT 

Ak2{2jRjR2  cos[(ki+k2)/+(]+RiR2+l}+4K2{2  RjR^  cos[(ki+k2)/+(]-Ri-R2}=0 


(19) 

(19) 


These  are  not  possible  for  RiR2<l.  Hence  when  a=b=0,  oscillation  can  only  occur  for 
Ak=0.  Hence  nondegenerate  oscillation  is  not  possible  if  the  nonlinear  medium  fills  the 
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entire  Fabry-Perot  cavity. 

For  example  2,  let  ri=^1li.  rj=-l  and  k^=kik*,  ab^O,  where  Ri  is  real  number  and 

Then  oscillation  condition  simplifies  to 


=-2jRi(a*)2cos[(ki+k2)(fl-a+b)] 

Comparing  the  imaginary  parts  of  Eq.(20),  we  obtain 


(20) 


4«2sin2  sin Ak( b-a) + { Ak2c os^  Ak2+4 /c^  /+  4 ^2 cos2  ]sinAk(a+b) 

+Ak^Ak2d-4«2  sin^  a1c2+4/c2  /co8Ak(a+b)=0  (21) 


and  comparing  the  real  parts,  we  obtain 


•j~;^^Ak2+4«2)co3[(ki+k2)(/+a+b)] 


=— 4x2sin2^'— fcosAk(b— a)+[Ak2co3-]ak2-f4/(^  /+4/t2co32  ll  — i]cosAk(a4-b) 


— Ak.| aIc2+4k2~ sin^ Ak24-4K'^  l3inAk(a+b) 


(22) 
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Cancelling  Ak(b-a)  and  from  £qB.(21)  and  (22)  we  can  obtain  a  single  formula  that  is  a 
function  of  kI,  ikl,  (ki+k^)^  and  (a+b)//  only.  Then  we  can  use  Mueller’s  iteration  scheme 
of  successive  bisection  and  interpolation  method  to  find  kI  for  a  given  ak(  (a+b)//  and 
(ki+ks)/.  Actually,  because  (ki+k})/  is  much  greater  than  Ak/^  hence  when  we  change 
(a+b)//  the  term  C08(ki+k2)(/fa+b)  on  the  left  hand  side  of  Eq.(22)  will  oscillate  much 
faster  than  coeAk(b+a)  and  8inAk(b+a)  of  Eq.(21)  and  right  hand  side  of  Eq.(22).  So,  when 
pumping  frequency  is  chosen  (i.e.,  (ki+k2)/=con8tant)  then  we  can  choose  X  and  Y  as 
independent  variables  such  that 


X=sin[Ak(a+b)] 


Y=coe((ki+k2)(/fa+b)] 


(23) 


and  introduce  integers  (p,q)  such  that 


tkl=- 


sin  ^X+2jrp 

“■(a+v)7r 


(24) 


Then  we  can  solve  kI  hy  using  Eq.(21)  and  (22).  Fig.9  shows  X-Y  plane  versus  nonlinear 
parametric  gain  kI  for  (ki+k2)i=  10000  ,(p,q)=:(l, 10000)  ,ri=JCr5  ,r2=-l  and  reflection 
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index  n=1.62  at  oscillation  condition.  Note  that  q  must  be  greater  then  (ki+k^)/  such  that 
(a+b)//  is  positive  and  using  Eq.(21)  we  can  obtain  (b-a)//,  and  tkl  is  dependent  on  (p,q) 
so  that  the  solution  of  Eq8.(21)  (22)  for  kUb  also  dependent  on  (p,q). 

(6)  ikfO,  KiK*=K\ 

This  is  the  case  of  NDFWM  on  the  transparent  nonlinear  medium  which  exhibits 
linear  and  a  parametric  gain  and  is  bounded  by  two  conventional  mirrors. 

For  example  ,  let  a=b=0,  kik*=k^  and  rj.r^  are  real.  The  oscillation  condition  reduces 
to 


% 

RiR2lQ^«i't2)^Hl-ai«2^[Ri+R!i]+2Q^rir2Cos[(ki+k2)i]=0  (25) 


This  equation  can  also  be  separated  into  two  equations  for  real  and  imaginary  parts 
and  function  of  coe[(ki+k2)^,  k'I,  g/,  and  Ak/.  Then  we  can  use  Brown's  method  for 
determination  of  kU  and  gl  from  these  two  equations  for  constant  cos[(ki+k2)/l.  For 
example,  Fig.(lO)  shows  the  normalized  wavelength  detuning  versus  parametric  gain  k'I 
and  linear  gain  gl  for  the  oscillation  condition  at  coe[(ki+k2)i]=:l  and  Ri=0.4  ,R2=0,4. 
Because  it  is  a  multiple  valued  solution,  hence  it  is  possible  to  have  many  pairs  of  gl  and  k'I 
for  a  particular  value  of  $  (not  shown  in  this  figure  ). 
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CONCLUSION 

In  summeiry,  we  have  developed  a  general  theory  of  electromagnetic  propagation  in 
phase  conjugate  oscillators.  Specifically,  the  authors  have  treated  the  propagation  of 
electromagnetic  radiation  in  a  resonator  bounded  by  one  conventional  reflector  and  one 
phase— conjugate  mirror  and  resonators  containing  an  intracavity  phase-conjugate  element. 
Wavelength  detuning,  linear  zuid  parametric  gains  are  considered.  Phase-conjugate  power 
reflectivity,  coherent  power  reflectivity  zuid  threshold  oscillation  condition  are  derived.  The 
results  indicate  that:  (1)  nondegenerate  oscillation  are  possible  (AkiitO)  for  the  cases  of  gt=0 
as  Fig.l  for  b^O,  Fig. 6  for  ab^O  and  all  cases  of  glfO  ,emd  oscillation  will  only  occur  at  pump 
frequency  (Ak=0)  for  the  cases  of  g/=0  as  Figs.  1  for  b=0  and  Fig.6  for  ab=0.  (2)  we  cam  use 
small  k'I  to  generate  self  oscillation  and  simultaneous  produce  the  coherent  and 
phase-conjugate  waves. 
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FIGURE  CAPTIONS 

Fig.  1  The  basic  geometry  of  a  linear  phase-conjugate  resonator  via  nearly 
degenerate  four-wave  mixing.  In  this  case,  the  incident  probe  wave,  whose 
frequency  oH-f  is  slightly  detuned  from  that  of  the  pump  waves  (both  at 
frequency  u  ),will  result  in  a  conjugate  wave  with  an  "inverted"  frequency 
g  is  the  linear  nonsaturating  background  (intensity)  net  gain  coefficient. 

Fig.  2  Parametric  gain  |  x'  |  /  versus  linear  gain  gl  at  oscillation  condition  for  Aks=0 
and  several  values  of  conventional  mirror’s  reflectivity:  |r2|2=l,  0.8,  0.5  and 
0.1. 

Fig.  3  The  phase  conjugate  power  reflectivity  Rp  versus  normalised  wavelength 
detuning  ^  for  linear  gain  g=0.  The  dot-dashed  curve  represents  the  case  of 
no  conventional  mirrors  and  /cf=ir/2.  The  solid  and  dashed  curves  correspond 
to  a  linear  resonator  with  a  PCM  and  a  perfectly  reflecting  conventional 
mirror  at  its  two  ends  with  nonlinear  gain  K^tfA  and  /ci=  1.11065  respectively. 
Note  that  when  nonlinear  gain  is  above  ir/4,  then  nondegenerate  oscillation  is 
possible,  and  the  bandwidth  of  dashed  line  is  narrower  than  the  other  two 
lines. 

Fig.  4  The  phase-conjugate  and  coherent  power  reflectivities  Rp,  versus  normalised 
wavelength  detuning  ^  with  rj^-l,  /c't:l  for  gi=-0.2,  b/i=2.37018  and 
ghO.2,  b/l=0.57008.  These  graphs  show  that  for  constant  nonlinear  gain  a’/,  it 
is  possible  to  detune  the  frequency  of  oscillation  if  we  vary  linear  gain  gl  and 
choose  a  suitable  h/i 

Fig.  5  The  phase-conjugate  power  reflectivity  versus  normalized  wavelength 
detuning  at  oscillation  to  show  the  effect  of  different  h/i 
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Fig.  6  The  taaic  geometry  of  linear  phase-conjugate  oscillator  via  nearly  degenerate 
four-wave  mixing.  In  this  case,  the  incident  probe  wave,  whose  frequency  tj^S 
is  slightly  detuned  from  that  of  the  pump  waves  (both  at  frequency  a;),  will 
result  m  a  conjugate  wave  with  an  "inverted"  frequency  u^S.  g  is  the  linear 
nonsaturating  background  (intensity)  net  gain  coefficient. 

Fig.7  The  threshold  parametric  gain  x'/  required  for  oscillation  as  a  function  of 
normalized  cavity  length  ^=k(H-a+b)  with  rj^-l,  ri^^IT?  for  linear  gain 
(gfc=0.05268)  and  Unear  loss  (gfc=0.{)5268). 

Fig.8  The  parametric  gain  «*/  versus  linear  gain  gl  at  threshold  oscillation  condition 
for  various  -y,  whewe  k^=7ir,  r2=-l,  ri=^0. 

Fig.9  The  X-Y  plane  versus  nonUnear  parametric  gain  kI  for  (ki+k2)fc=  10000 
i(PiQ)=(1i  10000),  n=:1.62  and  ,t2=-l  at  the  oscillation  condition, 

where  X=sin[Ak(a+b)],  Y=co6[(ki+k2)(I+a+b)]  and  p,q  are  defined  in 
equation  (24). 

Fig.  10  The  normalized  wavelength  detuning  ^  versus  parametric  gain  k'I  and  linear 
gain  gl  for  the  oscillation  condition  at  coe[(ki+k2)^=l  ,Ri=0.4  ,R2-0.4.  and 
a=?b=0 
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Measurement  of  Frequency  Locking  in  Phase-conjugate  Optical  Gyroscopes 
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mo^  e(  cw  beam  onto  the  po)»ol 
)ie«m  tn  my  eipcfimenu,  I  h«vc  obstorvMl 
MtTC  in  *  ph<Horc(r*ettv«  0«TiO}  cryst4{ 
between  the  beemt  from  e  Q-*witchc«l 
(leshUm^-fumped  N4:YAC  User  en4  s 
^iode-puniMd  <w  N4:YAC  User,  both  oper* 
*tin$  el  Sil  nm.  The  eeperimeniel  results 
showed  eDnvir>cing  spelUI-mode  eteenup  o( 
the  pulsed  beam.  *rhis  method  can  also  mod- 
\ly  the  incident  pulsed  beam  to  any  desirable 
spatial  pattern  by  usinf  a  spatial  tight  modu- 
Utor  in  the  cw  r^erence.  To  my  knowledge, 
this  is  the  first  reported  Mri*C  between 
pulsed  and  <w  User  beams. 

HcItreiKd 

I  M  D  Ewbank,  Opt  l-cti.  13, 47  (tWS) 


MW3  lncoh«r«nt  light  tour-wav* 

mixing  tor  the  meaturement  of 
reorientationat  leUiation  of 
dy*  molecules 

Yi-Zhoog  Yu 

STriioft,  c>f  f'wuwn 

Ustrumru/*.  Twe^tii  UNfi'T'sity. 
rwa/m  3000  7Z.  ChtHrt 

I  present  a  new  convenient  optical  phase 
conjugation  t<chni«^ur  lor  measurement  ot 
ultrafast  reorienutionat  retaKstion  time  (7)  in 
the  study  of  dye  solutions  Yhis  new  method 
uses  temporally  incoherent  light  instead  of 
short  pulses  This  melhjd  is  ddlerent  from 
those  appropriate  to  optical  Kerr  media 

A  frequency-doubled  YAG  User  with  a 
pulse  width  of  I  ns  was  used  in  the  eaperi 
ment  Time  resolution  is  g^wemed  by  the 
coherence  lime  ((«)  of  User  light,  it  is  short 
enough  W  measure  T  for  the  Khodamine  4C. 
which  is  in  the  subnaKoaecond  time  regi'.-m 
Ihe  phase-conjugated  signal  (e)  was  mea 
sured  by  changing  delay  time  (»)  between 
two  writing  beams  Yhe  readout  beam  liad  a 
fued  time  deUy  that  was  urwuffelatsrd  with 
the  other  two  beams  Orthogonalandparallel 
poUri^tion  configurations  were  used  Ibe 
theoretical  cakuUtion  for  orthogonally  ^ 
lanced  beams  shows  a  smgfe  eaponential 
de^y  witheaponent »  l/’i  ♦  IT. 
where  Tl  is  the  first  es^itvd  slate  Ur^time) 
There  is  a  coherent  spike  IA0*1.  ♦nd  ba^k 
ground  terms 

*(r)  •  I  «  •  CbTX»/f>v( 

However,  in  the  parattel  |«i»l4r»raUoet  con 
ltgutat»on  the  conjugated  signal  shows  a 
complicated  de^wndenoe  on  t  owing  to  (or 
matcon  of  thermal  g rating  Tlw  e4|vr«n«<cit.s! 
results  co4HCi«le  with  data  measured  by 
means  of  the  otlwr  methwi 


MW4  Medsutemeni  el  fiequetny 
koebirtg  tn  phe\e-<«fqugate 
•pltcdl  eyt«ue^t 

M  )  Kosker.  I  McMuhael.  and  K  !^aaena 

lalemritsn^  U  temrCenfer. 

U«  ht.'.' 

fhauWMd  tkrir.  Xfic-O 

A  ling  remmator  cunlatnn^g  a  phawcun 
)ogau  mufo#  can  act  as  a  phase  <on|ugaftr 
optical  gynmeupe  (t*CtXi)  *  the  fivquencwa 
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of  the  countcrpropagalmg  osertUlioos  dv 
pend  ors  the  rsocsrecipitirat.  but  not  rsn  the 
reciprocal,  optical  path  length  of  Use  resorsa- 
toT;  thus,  the  device  is  potentially  useful  for 
inertial  sensing  of  rotatiorwl  fnotion.  A  pri¬ 
mary  limitation  of  conventional  ring.Usergy 
roseopet  is  frequeney-toeking  Whavior, 
wherein  bsckacaltering  couptea  the  coun- 
lerpropagaitng  User  oaeilUtiona.  Our  previ¬ 
ous  theoretical  results^  iiUicated  that,  for 
norueciprocat  phaae  shifu  of  rad,  fre¬ 
quency  locking  occurs  when  the  ratio  of 
backs^tterrd  kghl  to  pump  light  escreds 
~  We  describe  our  espehmental  investi 
gation  of  the  frequency-locking  characteris 
lies  for  the  ring  rCOG.  A  weak  seed  beam 
was  inserted  into  the  oseilUtor  along  the 
same  direction  as  the  phase<on|ugate  out 
put  The  frequency  difference  between  the 
eouoterpropagatif^g  waves  was  measured  as 
a  lunctKso  of  the  seed  intensity  and  the  non 
reciprocal  phase  shift.  MeasuremcrU  were 
made  with  Udh  coherent  and  incolterent 
(with  respect  to  the  pump)  seed  light  to  sim 
uUlc  scatter  conlrilmted  by  the  pha.w  conjii 
gate  and  conventional  mirrors,  rmpevtively 
The  espenmental  results  are  m  go^  agree 
ment  with  theory. 
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MW^  Optical  fsovelty  httering  using  a 
phase-gtating  tartiei 
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Umtttfftly  fSat.  |*enn>yfMni*i  Ia3dd 

Techniques  uamg  phuturefractive  eftevu 
fur  novelty  filtering  have  recently  tieen  sog 
gested  by  several  uvveatigators  k*anipte%  in 
elude  the  four  wave-mUiHg  mterterumeiiu 
methk*i.^  the  tWo  wave -raising  tvsn*  depU-t 
mg  methksl.  and  the  beam  fanning  metkud  - 

tn  (hii  paper  we  use  a  phase  giatmgiaFiwr 
in  a  four  w«ve  austHg  cunfigoraiion  iv>  real 
ire  a  novelty  filler  In  the  espmmeHtal  >rtwp 
the  output  phase  mulidated  obj«.%t  e»ood<’d 
beam  with  a  phase  grating  u  imaged  mtu  a 
bkU  crystal  tk*e  «e«.sm»t(u>ted  pftaw 
gated  Ureiw.  With  alt  the  phase  mtormatiH*^ 
the  ubfevt  and  the  gfatmg,  i»  pruduced  by  a 
leal  out  beam  Alter  euurrgiHg  from  the  mpo( 
ubp'vt.  Ihk  phase  votqugated  w  pha>« 

Compensated  Thus,  unit  a  d<.  ^an  be 
observed  at  the  output  (mal  {dane  watwot 
higher  order  dcfftaction  Ifoweser.  if  lh<- 
pfisae  gialmg  obtest  rs  soddeidy  moved  m 
the  setup  Weause  of  the  lo«»i<  re&f».oue 
<d  ttie  photurvfractive  material,  the  h^gl^ef 
diffraction  uadefs  of  the  grating  aiqwar  Lmh 
of  the  diltravtion  orders  carries  Itie  input  ol* 
yect  iHluimatmn  Thus,  by  seleitmg  the 
Strongest  ddtractiuM  ontef.  live  olqwi  Ions 
tiun  can  be  okorrsed  at  the  iwiput  image 
l^anr  wiilun  the  ces|mnse  lime  of  ilie  ci^sUl 
Tfus  piO|^mrd  lechroque  oilers  the  smqdw  ily 


of  Optical  setup,  it  avoids  the  critical  xem- 
phase  problem  of  the  inlerferometric  method, 
and  it  has  high  sensitivity  and  image  oemtrmsi. 
Detailed  analysis  ar>d  experimental  demon- 
siratioiss  of  the  proposed  technique  are  pre¬ 
sented. 
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Wmk  •filler  in  <ani«MKtion  with  •  wav< 
flalc,  Um  f«<Wcl«rf  light  on  W  owfM  nm 
oith^  loM  in  ■iptil»i4«.  W«  wyoit  on  the 
**  nngulaf  atnailivity,  waafangth  4«f«n4«n<«, 
anj  iiflitM<t  th^heM  nt^hrf  <o  SSTC  to 
nenir  in  lhaaa  fihao. 
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ThYtt  Rttpanta  at  a  «aM-p«tmp<4 

phaM<a(Htacala  mkrar  tat  Iwa 
mutually  cahatanl  bipuli 

T  Man^  and  H.  Mataumota 
Heiittml  JUMttek  tataiafary  »f  Mtiralogy. 
timezoma,  Tmtuia,  tiafatt,  iOi.  leptn 

Fhatacatnetive  actt-puaipaU  pttaj<  ca«ju 
galian  ia  aittattiva  tar  ita  atotplkity  an>i  high 
^  laAcctivity  with  taw-pew««  light  aouK**  In 
atdn  la  ivatua  ita  patential  a^*'aciaiu.  it  ia 
iatfoctanl  to  atudy  ita  tapem  Sa  tar  lh« 
TC^anac  ata  phaaa-canjufat*  wave  hu  hecn 
datcfikad  with  ita  liaa  tiaw.  It  haa  itai  atudiad 
haw  lha  phaaa-can^ugalc  wavt  tvapania 
•  whan  lha  apatiat  attwitunc  at  an  input  paatw 
wa«a  ia  atoMigad  dynaaikally.  Wa  invaati- 
fitad  tha  laapanaa  at  lha  pluaa  <a^ugat« 
wava  hy  uaing  Iwa  aaultutly  cuhaeant  input 
haaaia,  which  can  ha  laganM  aa  ewnpanenta 
at  a  ptiiW  wava,  and  hy  intaaducing  ainuui 
dal  phut  changaa  inta  ana  at  (ham  with  var- 
iad  hatownciaa.  Each  input  beam  haa  a  paw«r 
at  i  toW  at  lha  wavatangth  at  515  na».  A 
RaYtO)  cryatal  waa  aoplayad  aa  a  tall 
paaipad  phxa  aanjagato  minai.*  By  maa- 
aiMing  wlatiaa  phaaa  halwaan  lha  twaautpwt 
haaau.  which  on  ha  (agantad  aa  cumpunanta 
at  a  phw«  ninjugata  wava.  wa  taunt  lha 
MipanM  ahataclamtic  •ap.a.cncad  hy  a 
laaa-tag  at  haat  aedar.  whWh  i.  umiUr  lu  hC 
(iccuit.  lha  nnpinaa  lima  Ihu.  datatmmad 
wxh}2a,  which  war  mw<ht:hu<(cr  Ihan  Ih. 
me  liatia  at  30  a  ahttinait  with  lha  wma  cun 

RatHaAcat 

I  {  faintorg Opt  tall. 


^hYlB  Thaaty  at  phaaa-aai^ugala 
awittata*  apphad  ta  a 
‘  ph«aa<aAiug«la  laaaiutaf 

lA'un  5hung  tme.  5wn  C"h<  haguu  hawna.  ‘ 
•AtPimh,  lah‘ 

tkw»jy  tf  taglaaniag 

•  t^****^  Otaa.  Ta^  ttaa^iiiu  ttunAiK 

raauto.Ctow 

liplical  (aau natal*  ewntamutg  a  phaw 
***“topata  muMu  hac*  toan  a  (uhpret 

l**at  intawmt.  aafamalty  tor  cam*  m  utuch 


lha  rCM  m  amptayad  a*  an  and  ininar  at  a 
itoanaiar  cavity  far  iniracavity  ahamlian 
Canadian.*  Kaa^  Ihaardiait  anatyaia  Indi- 
olaa  that  lha  inaadian  at  a  PCM  imida  a 
ling-lawr  ovhy  raaulU  in  a  laduclien  at  lha 
lach-in  lhaaahald  and  latiuaa  (ha  iathalanca 
halwaan  lha  impliladaa  at  Uw  appaaildy  di- 
ladad  itaaaBing  wa»aa.*Wahava  davd^id 
a  ganaral  thaory  far  iwndaftnarala  aaalli- 
lim  in  a  pha*a-«an{ugala  aacjlUtor  (PCO) 
lhal  ranaiaU  at  a  Pahay-faiat  ovily  with  a 
fCM  aa  an  initacavily  ataaaant 'Tha  rad  ia  a 
nantinaar  lonapafcnl  atadiuai  pumpid  hy  a 
paiaatcaunlirpmfagalingtaaarhaainaat  lha 
ataia  tra^uancy  and  intanaity.  niaaa  «an^- 
galian  wtih  gain  ia  paaaihia  Cor  an  injadad 
aignal  at  a  alighity  dittiiant  fia^ucncy  hy 
nearly  daganarala  taur-wava  miaing 
(NDPWM).ThalinairahMrptiaf^gaintntha 
mrdium  ia  aha  lahtn  into  account.  In  Ihia 
pwaanlatian.  wo  apply  the  rcaulu  of  lha  gan- 
acal  lhaory  toa  ph^-aonjugata  foaonator  hy 
a^ualing  lha  ftnadhrity  of  ona  of  lha  convan- 
lianal  lairrao  to  aam  Analytic  aapcaiom 
ara  ohtainad  taa  lha  two  rafbdion  coath- 
cianu  and  lha  two  tranaouaaion  coatficianb 
ot  the  injaded  aignal,  and  lha  condition  tar 
aacillatian  i*  derived.  A  naval  approach  yictd< 
lha  meda  apacing  of  iwch  a  phtw^conjugata 
(aaonatar. 

Kachwatt  tntamational  Science  Canlat,  1049 
Camina  Dee  Rian.  Thauaand  Oak*.  Calitomu 
9l.iao. 
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ThVZO  VtoUtiocul  modal  ot  toliton 
Maraclion  In  lvf»-mad*  Cheat 

C.  Part,  M.  HxyanacyA  and  P.  A  Bdlangar 
tM|*trtoiunldrpfcytafac  Uahorritt  U»Mt 
Ovdkm.  Qadtoc.  Cll;  TPi  CtoitoU 

Ah  optical  aarilching  in  a  nontinax  dww- 
lianal  cauplar  and  lha  avatuliito  ot  lha  atai* 
at  puiaritatwM  in  a  naalinaat  hicahingani 
ttbrr  rviuaoant  two  impoKint  practical  p«uh 
hauatp[apag«Uaninatwwmfta.»wi>luw*« 
dupamca  ayalaoc  Bulh  raiaa  ara  daacriWd 
hy  a  nunuitagcahta  ayatem  at  cuuptad  aantm 
ear  SchiCUiiigrr  aipMiaMu  On  lha  haai*  at 
twmancal  wmutatoKU.*  u  ha*  abaady  hrvn 
ahuwn  that  latilun*  prvwtu  impurlatu  ad 
•*nug«*  'war  ddivranity  thapad  puhn  la 
tarpMwa  aur  phyaical  ittaighl  into  the  dymam 
ic*  nmuthng  Inrm  lha  ciimplri  inicrpby  ha 
town  nunhnaxity  (wit  and  caua*  pha*. 

v>«  haw  dvvviapud  an  appia.iautvaCooaty? 
Wittnal<tatiuhtonin>amtiun  An  aa  tan*  am 
at  •  vanataunal  mrlti  vt*  ha*  havn  uaad.  anl 
Uu  nmutu  can  ho  ia«a*t  m  a  auggeahaa  fu 
l«Ht.at  uatt  pnituv  him  to  imptuvad  aal. 
m«t*t  at  optical  twilchang  poucr*.  a 
tymmdry  Wartnig  inalahihly  can  aa*dy  hr 
antoapaicd  A  daladcd  cyimpawam  math  nu 
matoal  nmuUtouu.  thriuacg  a  fend  avacaU 
agtwmrnt  hacwaan  a*acl  and 
noutt*.  uait  ha  paiianlid 
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TliV21  Noniin*8r-«p(k8l  t«f«iM  in 
wnpontlont  ot  orgenlc  and 
bwtganic  caBcHal  tyttems 

P.  R.  Schuatar.  C  A  Vianda,  and 
A  $.  Patamhar 

/WU  Afftiad  Phyrcj  Utoratary,  ftktu 

Read  toarat,  Marytaad  307254099 

The  Ihird^ordar  nonlinax  optical  ra- 
tfonaa  at  variau*  colteidal  auaponaiona  ha* 
hoan  invaaiigalad  The  Iranaatiaaiva  propar- 
liaa  of  lhaaa  tyitam*  ara  ot  parikutar  inlamt 
in  tarau  ot  the  apead  ot  the  twitching  ra- 
tpanaa,  lha  twitching  thcaahotd,  lha  lacov- 
ary  lima,  and  lha  dynamk  range  over  whkh 
oH>c*l  dcmily  it  ganaratad  Wa  have  taan 
fctanant  arid  non  ratanant  hahaviar  in  lha 
noedinaar  ratporuo  of  thrac  aulaciatt.  Theta 
tutpantion*  tta  campoaad  »t  hath  ittorgtnic 
and  orgatuc  matatuU  hamaganraualy  dit- 
trihutad  within  a  dialactric  autrU.  In  certain 
itudiat.  Ihc*a  matariaU  have  hoan  tyttCha- 
ticad  X  charge -Irtfutcr  cample***  hy  uting 
*n  ittarganic  alcctron  danar  camhinad  with 
an  argarck  alacitan  xcaptor.  Our  ratulta 
cancaratng  the  third^anler  nanltnaat  aptkal 
prapartiat  at  theta  awteriab.  aur  davatap- 
mant  at  mathad*  far  the  cnhancamant  at 
their  nontinax  optkal  x  ipania  aritt  aba  ha 
lapartad 

Ihia  warh  tuppurlad  hy  the  Dapactiaant 
at  the  htavy  contract  N0UlD»«M:43i)L 


ThY22  CthcienI  couphng  ot  multiple 
dtoda  Utet  8M«yt  to  an  optkal 
Bher 

11  Ian 

httT  UnotH  lahxarxy  P.0  Ah  TX. 

traxgfra.  htuwbtoaarrr  titTi 

fXala  laaar*  xa  atfkknl  taurcaa  ot  laxr 
radiatian.  hut  their  cuupting  la  an  xf*’  ‘il 
fiWr  hx  havn  hmitad  la  apptkaliaMa  that 
tvtpnrv  low  |wua<  Here  ua  dramiiatiaX  Itul 
Ihrw  high  puuct  diudv  Unrr*  can  ha  cuuptvd 
with  high  cftuiancy  into  a  tingle  miillimi»tv 
aptifial  tdarr  hy  gvumetru  muhi pie  ting  In 
pnnctplv.  many  murv  duatv*  cuedd  ha  uxd 
and  Ivna  X  uarx  at  |aMwvr  cuutl  ha  ahtauud 
hum  a  ungV  htor  u»ch  mcuhenpnt  multiply 
d.iwtr  mpul  Wv  haw  cauphed  thaw  high 
|mwe«  daudr  array*  taa  SUrxicuM.ftJ  hi  A 
aptual  hlur  with  59!h  atfnwncy  aact  have 
ohtainedTUlmlV  attheautpulXlhafitottar 
I  19  W  at  the  mput  Beard  on  the  arupartiw 
at  (hr  toaau  hum  (hew  high  piwvi  dimtv 
later  tmow*.  o  »huuU  to  froiititr  (o  a(h 
rientl^  cuuptr  utar  lOU  X  Itoae  later*  (e  (hit 
ap («>el  hWr  tnd  ale  tm  tent  X  watt*  Xdehv 
erahlr  ^rmyi  Cakulatmnt  thow  toat  (he 
aumlar  X  identical  oruniva  IhX  can  to  ath 
ewroty  cuupied  to  an  <ip«iital  htor  it  pwpwr 
ttmrl  hi  the  nfutry  at  the  praXmit  X  (he  cure 
ditmXer  tnd  numencX  tfurtunt 
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Th*  n<H»»  Unoui  pK«iKHnrnen  ww  *190  rr- 
ctftlly  >nr4  in  •>m<-iRlfgr*i>n|  snlrrlrtom- 
»irf  kjr  Fotil  rt4l  * 

A  bTiOi  rrjrtul  was  us«^  tnt  iKa  *spvn- 
maniat  damonttratinn  Fitil.  ih*  «( 
Iht  dynamic  range  remprassien  is  SMitulat- 
•d  ky  (pplying  didrrant  inlanttlias  e(  tKa 
input  twr  W*m  to  the  crystal  ti  can  b* 
Man  tiiat  tar  the  Ktghar  input  powar.  <Ka 
dacay  ol  iKa  output  (u>war  ts  (asiar  than  liial 
tor  lowar  input  powar.  TKu  rasult  (al¬ 
lows  our  asaumptton  PKysicatty  Ilia  natsa 
boao4  Katiaring  dillraciion  gratings  ara  as- 
laktishad  more  swiftly  whan  tha  input  m- 
tansiiy  ts  stronger  Thrsa  ditlraetion  grat¬ 
ings  scariar  light  away  from  tha  input 
haam  Nest,  tor  a  taw  dittarant  lavals  o( 
input  mtansitias.  it  can  ha  saan  chat  tha 
dynamic  tonga  of  tha  output  dacroMad 
whila  tha  dynamic  range  of  tha  input  re¬ 
mains  Constant  In  tha  ahova.  raduction  of 
lha  DK  with  taspact  to  uma  ts  ctcarty  dam- 
•nstratad 

Wa  might  point  out  that  tha  pradataction 
DKC  is  a  unt^ua  optical  prohlaot  *  Stnca  hy 
daftrulion  tha  2-t'  signal  has  not  yal  haan 
datacted  hafora  comprasston.  ehara  ts  no 
COUAtarpan  toluCton  that  can  he  pcovtdad 
hy  digital  atas'tfomc* 
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A  primary  limtialion  for  conventional 
ring  laaei  gyroscopes  ts  frequency-locking, 
wherein  hachscaitering  may  couple  togelh. 
erceunlerpropsgaling  laser  oscillations  It 
Is.  therefore,  of  particular  interest  to  drier ■ 
mine  the  frequency-locking  rharacieriscics 
of  the  ring  DKO. 

We  have  developed  a  theory  that  deter¬ 
mines  the  intensitie*  and  frequencies  of  the 
ceunlerpropagaiing  modes  in  DPCOs  using 
the  telf-censisceni  formalism  of  Lamh  ’ 
CSir  analysis  shows  that  the  frequency 
splitting  Aw  helween  the  arroch-order 
counierptopagating  modes  is  linearly  pro- 
poctionol  to  dri.  the  round-trip  nonreespeo- 
col  phase  thifl  in  the  resonator 

Aw  -  d../(*  ♦  L/C).  (I) 

where  t  it  the  length  of  the  rrsonaior  and  > 
is  the  response  time  of  the  phase  contugaie 
mtrror.  In  detsving  Rq  f  I ).  we  have  made 
the  simplifying  assumptions  of  weak  cou 
pting.  amati  fMquency  stutis.  and  identual 
phase  conjugate  rntfrors  for  wacillators 
using  slow  phase  conjugate  miirors.  the 
consiani  of  pcoportionalify  is  the  reciprocal 
of  the  response  tune  of  ihe  phase  conjugate 
mirtoe.  while  for  DPCOs  using  fast  PCM» 
the  constant  id  proportionaliry  ts  the  recip¬ 
rocal  of  the  tronsii  time  in  the  resonamr 
We  have  esperuncntally  verified  the  above 
relaitonshtp  in  the  fml  regime,  using  ester- 
natty  pumped  phase  conpagste  mirrors  in 
pKotocefracttve  crystals  of  kanutti  Sitanatc 
and  potssstum  niohace 

We  have  thoocetically  esammeJ  ihe  in 
tensities  and  frequencies  of  the  coursierprv. 
pagatuig  miades  tn  the  presence  of  contra 
direCHonat  couptmg  to  deteroune  in  what 
ewndittons  tiequency'loekiag  occurs  (if  at 
all)  Our  prebmtnary  eapcrunenlat  resutii 
show  that  frequency-locking  does  mu  occur 
desplle  intracavtry  incoherent  kacksisriet 
Coupling  aa  great  as  JO'S.  tVe  describe  the 
results  of  capenmena  to  measure  freq-uen 
cy-los'ktng  asa  funciion  of  Ihe  level  of  back 
acactering  couptmg  and  coherenev 
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where  Af  •  21  -  fj.  Fields  ttifjt)  g|^ 
fifr.t)  are  the  auperimpoaiiions  of  tee^^ 
irnnaversr  modes  and.  ihenrfott.  f  fBdiug  ^ 
speckle  siructure  inside  Ihe  fiRer.  |(  ^ 
reading  IR  field  Ri(r,t)  eaacfly  coinddm 
with  Ihe  writing  IR  field.  JI|(rA)Zi(rAX  At 
SM  polariiation  (R  il*rd r  effectively  gy, 
eratea  an  SH  wave  which  haa  the  sMucIum 
of  the  writing  SM  wave.  For  diffetunj 
Rt(r.a)and  of  Ihe  projection  otK,trj} 
to  Li(r4)onty  reads  the  hot^ram  effoctfvo. 
ty  There  must  he  a  reconstruction  of  the 
phase  conjugated  SM  tjrj)  via  Ihe  reading 
hologram  hy  an  IR  wave  in  Ihe  darschoo 
eppusite  lo  the  writing  tR  wave 

tn  the  eaperimeni  we  uaed  a  cw  achvc 
mode-locked  active  ^awitched  NcLYACIo- 
art  with  ;  •  4000  fU.  with  ahoul  thiity 
pulsea  tn  a  hunch  with  a  lOO-ps  duration  fat 
each  pulse.  About  0.2  W  of  tX  power  and 
0  01  W  of  SH  were  iransmcitcd  through  Ihe 
quartz  fiber  with  the  R-»m  core 
and  I  m  length  using  a  20x  microohjacsive 
A  40  mm  thick  glass  plate  waa  inatalltd  ia 
front  of  Ihe  objective,  a  turn  of  Iho  plate 
allows  one  to  change  the  angle  of  iacidciMe 
of  light  ir.to  the  fiber  Figure  I  shows  the 
efficiency  of  reading  g  vs  input  angle  o  of 
the  IK  for  the  fused  transmitted  reading 
power  h  u  mteresHng  that  Ihe  sclocsivity 
curve  Width  was  2  times  imattec  than  the 
angular  width  ol  the  main  IR  Ithot  made. 
Ry  turning  the  h-mm  thick  glaaa  plate  dur¬ 
ing  writing  we  could  change  the  phaao  dif¬ 
ference  Ae  V  Vi  ~  2oi  of  the  ficlda  intsm 
dused  lo  Ike  fiker  A  second  eaposure  hy 
f  I  and  f{  fields  with  a-*hilted  do  with  ae- 
specl  ro  ibe  first  one  coherently  erased  Ihe 
pres  loiiis  helogram 

for  a  demonsttation  of  phase  confuganon 
hy  a  hologram  the  SH  was  iniruducsdal 
AH  angle  teUttve  lo  the  tK  white  wMlutg 
The  rvadiag  tK  wave  waa  inaraducod  laom 
the  other  end  of  the  fther.  Quamg  the  Rita 
2  -  lb  uun  the  tecunatnacted  SM  waa  in  the 
dire.tion  opposite  that  of  Ihe  wriHng  SH. 
which  was  interpreted  as  phase  cori|uga- 
no.H  Turning  the  angle  of  the  reading  tX 
w  ss  e  resulted  *.h  s  .  hange  of  intensity  of  SM 
ontf  but  noi  the  angular  dtsinhutiwn  Lot 
er.  the  SK  patierH  changed  to  an  aiially 
s.minetrii  one.  probabljr  doe  ro  tewAhog 
du-.-ing  the  teadiHg  stage 
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Experiments  were  performed  using  a  low 
pressure  CO2  laser  in  both  standing-wave 
and  ring  resonator  configurations  for  two 
resonator  magnifications.  A  variable  fre¬ 
quency  shift  in  the  return  beam  was  pro¬ 
duced  with  two  acous^ooptic  modulators 
(as  shown  in  Fig.  1).  Laser  output  power 
and  beam  quality  were  measured  as  a  func¬ 
tion  of  fed-back  power  and  frequency  shift. 
The  frequency  shift  varied  from  C  MHZ  to 
the  longitudinal  mode  spacing.  Although 
the  amplification  factor  was  relatively  con¬ 
stant  if  the  return  frequency  was  far  from 
that  of  any  of  the  lowest  loss  modes,  there 
was  a  strong  dependence  on  frequency  if 
the  return  frequency  was  near  a  lowest  loss 
mode. 

The  amount  of  beam  quality  degradation 
or  power  loss  was  also  dependent  on  the 
magnification  of  the  resonator:  higher 
magnification  resonators  were  more  sensi¬ 
tive  to  return  power.  Returns  of  ~7  X  10‘‘ 
(M  =  1.5)  and  1.4  X  lO'*  (M  =  2.0)  were 
sufficient  to  cause  a  5%  degradation  in 
beam  quality  for  the  standing-wave  resoiu- 
tors.  This  was  consistent  with  analysis  pre¬ 
dictions  of  10-’  (M  =  1.5)  and  lO'*  (M  «  2). 
The  beam  quality  degradation  vs  return 
fraction  for  the  standing-wave  resonator 
with  magnification  of  1.5  is  shown  in  Fig.  Z 
For  low  levels  of  return,  the  beam  quality  of 
the  forward  wave  in  the  ring  resonator  was 
inservsitive  to  the  return  power;  however, 
the  ring  resonator  did  exhibit  an  intensity 
drop  as  return  power  increases  (see  Fig.  3). 

(Poster  paper) 


CTHI2S  Investigation  into  quantum  sta¬ 
tistics  of  light  using  high-sensitivity 
phase  conjugation 

O.  V.  KULAGIN,  G.  A.  PASMANIK,  A.  A. 
SHILOV,  Institute  of  Applied  Physics, 
Academy  of  Sciences  of  the  U5.S.R.,  46  Ul- 
janov  St.,  603600  Gorky,  U.SS.R. 

A  semiclassica!  theory  is  developed  de¬ 
scribing  transformation  of  the  quantum  sta¬ 
tistics  of  radiation  on  its  passage  through 
various  optical  systems  (OSs)  including 
semitransparent  mirrors  and  amplifying 
and  absorbing  media  (Fig.  1).  The  signal 
intensity  is  defined  in  terms  of  this  theory 
as  the  intensity  of  the  total  field  of  this 
signal  and  zero  noises  which  have  passed 
through  an  OS  minus  intensity  of  the  input 
noise  in  the  reception  band;  . 

where  f  is  the  operator  to  describe  OS  tak¬ 
ing  into  account  its  internal  noises. 

Let  us  introduce  the  photon  numbers  n  to 
characterize  the  total  radiation  energy  per 
one  resolution  element.  Their  mean  val¬ 
ues  and  the  quantum  dispersion  ( Att)^  at  the 
input  and  output  of  OS  including  an  ampli¬ 
fier  or  attenuator  (the  transmissivity  k)  are 
related  as 


Here  S  «  lexpihwHTi  —  1),  T  is  the  ambi¬ 
ent  temperature.  T,  »  hw/inlN,IN})  is  the 
amplifierfattenuator  temperature.  &f,  is 
the  product  of  the  amplifier/attenuator  fre¬ 
quency  band  A/ by  the  registration  time  r.  q 
is  the  quantum  efficiency  depending  on  the 
difference  4/  between  the  signal  frequency 
and  the  amplifier eigenfrequency(i| «  1  at  4 
“  1  or  4/  «  A/).  This  theory  has  been  veri¬ 
fied  experimentally  using  a  double  pass 
amplifier  optical  system  comprising  a 
phase  conjugate  mirror  with  X  •  I.OS  itm 
and  the  sensitivity  of  about  two  photons 
per  resolution  element,  the  number  of  ele¬ 
ments  being  380  X  380.  The  traruverse  dis¬ 
tribution  of  a  light  beam  was  processed  by 
means  of  a  matrix  photodeiector  and  nu¬ 
merical  averaging  of  Ike  results  over  a  large 
number  of  elements.  This  OS  was  used  to 
analyze  the  statistics  of  thermal  radiation  in 
the  laser  breakdown  region  (T  Z  3,. .  .,5  eV). 
statistics  of  spontaneous  and  stimulated 
scattering,  as  well  as  of  linear  scattering  at 
small  particles.  It  was  also  shown  that  the 
phase  shift  by  v  in  one  beam  (attenuated  to 
fto  ==  1 )  of  a  two-beam  interferometer  with  a 
phase  conjugate  mirror  leads  to  a  change  in 
the  SN’R  value  from  I  to  Z  The  possibility 
of  splitting  a  light  beam  into  several  (two, 
four,. . .)  channels  with  no  <  1  followed  by  a 
phase-locked  PC  of  radiation  from  each  of 
these  channels  in  their  respective  PC  mir¬ 
rors  pumped  by  the  same  laser  beam  was 
demonstrated.  (Poster  paper) 


CTHI26  Paper  withdrawn 

CTHI27  Nondegenerate  oscillation  in  a 
phase  conjugate  mirror  with  linear  gain 

WUN-SHUNG  LEE  SIEN  CHI,  National 
Chao  Tung  U.,  Institute  of  Electrooptical 
Engineering,  Hsinchu,  Taiwan.  China;  RA- 
GINI  SAKENA,  POCHl  YEH.  Rockwell  In¬ 
ternational  Science  Center,  Thousand 
Oaks,  CA  91360. 

Optical  resonators  containing  a  phase 
conjugate  mirror  (PCM)  have  been  a  subject 
of  great  interest,  where  the  PCM  is  em¬ 
ployed  as  an  end  mirror  of  the  resonator 
cavity  for  intracavity  aberration  correc¬ 
tion.'  Recent  theoretical  analysis  indicates 
that  the  insertion  of  a  PCM  inside  a  ring 
laser  cavity  results  in  a  reduction  of  the 
lock-in  threshold  and  reduces  the  imbal¬ 
ance  between  the  amplitudes  of  the  oppo¬ 
sitely  directed  traveling  waves. ^  In  the  ex¬ 
treme  case  of  phase  conjugate  oscillation 
without  conventional  gain,  lock-in  can  be 
completely  eliminated.* 

We  have  developed  a  general  theory  for 
nondegenerate  oscillations  in  a  phase  con¬ 
jugate  oscillator  (PCO),  i.e.,  an  optical  reso¬ 
nator  with  a  PCM  as  an  intracavity  ele¬ 
ment.*  The  theory  is  formulated  by  study¬ 
ing  the  problem  of  wave  propagation  along 
the  axis  of  the  resonator  and  by  extending 
the  matrix  method  introduced  by  Yeh*  to 
describe  the  ease  of  nondegenerate  tour- 
wave  mixing  (NFWM).  The  PCM  is  taken 
to  be  a  nonlinear  transparent  medium 
pumped  by  a  pair  of  counterpropagating 
laser  beams  of  the  same  frequency  and  in¬ 
tensity.  Phase  conjugation  of  an  input 


H  •=  (1  -  t)A/,ll  -h  N  -F  N(-T.)l  -F  nUio. 

(AS)^  -  (F  -  1)’A),(1  -F  N  -F  N{-T.)f  +  i)l*no(l  -F  2N). 


probe  beam  of  slightly  different  freqi^^ 
is  achieved  by  NFWM.  Linear  abeonm^ 
or  gain  in  the  medium  is  also  tak^ 
account. 

For  negligible  linear  absorption  (gaiabv 
the  medium  and  with  no  conventional 
rots,  ‘‘.It  PCO  behaves  like  an  ordiaar 
PCM.  and  the  results  of  our  general  tkiv^ 
are  identical  with  those  of  Peppet^J 
Abrams*— a  phase  conjugate  wave  can  ^ 
generated  without  a  probe  beam  and  Oa 
corresponding  phase  conjugate  reflerwg- 
coefficient  and  probe  transmission  cst^, 
cient  will  be  infinitely  large.  This  seif-<a> 
cillation  can  occur  only  at  the  pump 
quency  and  when  the  parametric  gain  ban 
integral  multiple  of  *12.  Inthepresencsai 
linear  absorption  (gain)  in  the  medium,ont 
study  shows  that  the  parametric  gain  re¬ 
quired  for  self-oscillation  at  the  pumpfae- 
quency  is  considerably  increased  (de¬ 
creased).  while  the  bandwidth  and  side- 
lobe  structure  of  the  bandpass  filter  are  also 
affected.  Also,  nondegenerate  self-osdlla- 
tion  can  now  occur  if  the  medium  has  large 
linear  gain.  Figure  1  is  a  plot  of  the  phase 
conjugaie  reflectivity  R,  and  the  probe 
transmission  coefficient  T,  vs  the  normal¬ 
ized  wavelength  detuning  between  die 
probe  and  pump  beams  for  a  linear  gain  ot 
4.32  and  a  parametric  gain  of  0.13.  Norn 
that  Rf  and  T,  become  infinitely  large  at  a 
nonzero  wavelength  detuning,  i.e.,  in  the 
absence  of  a  probe  beam.self-oscillationata 
frequency  different  from  that  of  the  pump 
beams  is  possible  in  a  medium  with  linear 
gain. 

(Poster  paper) 
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CTHI28  Laser  beam  noise  cleanup  using 
Brillouin  mirrors,  and  the  problem  of  as¬ 
sociative  memory 

N.  F.  ANDREEV.  V.  A.  DAVYDOV,  E  V. 
KATIN,  A.  Z.  MATVEEV,  O.  V.  PAlA- 
5HOV,  C.  A.  PASMANIK.  P.  S.  RAZENSH- 
TEIN,  Institute  of  Applied  Physics,  Acade¬ 
my  of  Sciences  of  the  U.S.S.R.,  46  Uljanov 
St.,  603600  Corky,  U.S.S.R. 

Possible  ways  of  laser  beam  cleanup  from 
speckle  noise  imposed  on  this  beam  are 
considered.  Such  a  cleanup  is  required; 
(1)  when  a  self-focusing  instability  causes 
buildup  of  a  parasitic  field  with  a  speckle 
inhomogeneous  transverse  structure 
against  a  high  power  beam  with  a  diffrac¬ 
tion-limited  divergence.  Speckles  can  also 
be  generated  by  the  defects  of  optical  ele¬ 
ments;  (2)  when  a  weak  signal  with  the  dif¬ 
fraction-limited  divergence  is  amplified  in 
a  narrowband  amplifier.  It  is  necessary 
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CTHI24  Fig.  1.  Optical  layout  for  oscillator  isolation  experi- 
iTients. 


CTHI25  Fig.  1.  Optical  system  of  semi¬ 
transparent  mirrors  with  amplifying  and 
absorbing  media. 
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CTHI24  Fig.  2.  BQ  degradation  vs  return  fraction. 
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CTHI24  Fig.  3.  Intensity  drop  vs  return 
fraction. 


CTHI27  Fig.  1.  Plot  of  phase  conjugate 
reflectivity  R^and  probe  transmission  coef¬ 
ficient  T,  vs  the  normalized  wavelength  de¬ 
tuning  between  the  probe  and  pump  beams 
for  a  linear  gain  of  4.32  and  a  parametric 
gain  of  0.13. 
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Abstract— Tht  coupliiiR  of  two  dectromagnetk  waves  In  various 
nonlinear  media  is  treated.  The  nonlinear  media  considered  Include 
photorcfractivc  crystals,  Kerr  media,  etc.  The  theory,  some  of  the  ex¬ 
periments,  and  several  applicatiOQS  arc  described. 

I.  Introduction 

TWO-WAVE  mixing  (sometimes  referred  to  as  two- 
beam  coupling)  is  an  exciting  area  of  research  in  non¬ 
linear  optics.  This  area  involves  the  use  of  nonlinear  op¬ 
tical  media  for  the  coupling  of  two  electromagnetic  waves, 
especially  the  energy  exchange  between  them. 

Two-wave  mixing  is  a  physical  process  which  takes  ad¬ 
vantage  of  the  nonlinear  response  of  some  materials  to  the 
illumination  of  electromagnetic  radiation.  For  example, 
let  us  consider  the  interference  pattern  formed  by  two  laser 
beams  in  a  nonlinear  medium.  Such  a  pattern  is  charac¬ 
terized  by  a  spatial  variation  (usually  periodic)  of  the  in¬ 
tensity.  If  the  medium  responds  nonlinearly,  then  an  in¬ 
dex  variation  is  induced  in  the  medium.  The  process  of 
forming  an  index  variation  pattern  inside  a  nonlinear  me¬ 
dium  using  two-beam  interference  is  similar  to  that  of 
hologram  formation.  Such  an  index  variation  pattern  is 
often  periodic  and  is  called  a  volume  grating.  When  the 
two  waves  propagate  through  the  grating  induced  by  them, 
they  undergo  Bragg  scattering  [1].  One  beam  scatters  into 
the  other  and  vice  vena.  Such  scatterings  are  reminiscent 
of  the  read-out  process  in  holography  12]. 

Energy  exchange  between  two  electromagnetic  waves 
in  nonlinear  media  has  been  known  for  some  time.  Stim¬ 
ulated  Brillouin  scattering  (SBS)  and  stimulated  Raman 
scattering  (SRS)  are  the  best  examples  [3].  Both  of  these 
processes  require  relatively  high  intensities  for  efficient 
coupling.  Recent  interest  in  two-wave  mixing  arises  from 
the  strong  nonreciprocal  energy  exchange  at  relatively 
lower  intensities  between  two  coherent  laser  beams  in  a 
new  class  of  materials  called  photorefractive  ciystals.  In 
addition,  these  materials  are  very  efficient  for  the  gener¬ 
ation  of  phase-conjugated  waves  [4]-(6].  Materials  such 
as  barium  titanate  ( BaTiOy )  and  strontium  barium  niobate 
(Sr^Bai  -iNbjOfi,  SBN)  are  by  far  the  most  efficient  non¬ 
linear  media  for  the  generation  of  phase-conjugate  waves, 
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as  well  as  the  coupling  of  two  laser  beams  using  relatively 
low  light  intensities  (e.g.,  1  W/cm^).  Optical  phase  con¬ 
jugation  via  four-wave  mixing  in  nonlinear  media  also  in¬ 
volves  the  formation  of  a  volume  index  grating.  The  main 
difference  between  two-wave  mixing  and  phase  conjuga¬ 
tion  via  four-wave  mixing  is  that  in  four-wave  mixing,  a 
third  beam  is  used  to  read  out  the  volume  hologram, 
whereas  in  two-wave  mixing,  the  same  beams  read  the 
mutually-induced  volume  hologram.  To  satisfy  the  Bragg 
condition,  this  third  beam  must  be  counterpropagating 
relative  to  one  of  the  two  beams  that  are  involved  in  the 
formation  of  the  volume  hologram.  In  two-wave  mixing, 
the  Bragg  condition  is  automatically  satisfied. 

In  this  paper,  we  first  describe  briefly  the  physics  of  the 
photorcfractivc  effect.  A  coupled-mode  theory  is  then  de¬ 
veloped  to  analyze  the  coupling  of  two  coherent  electro¬ 
magnetic  waves  inside  a  photorefractive  medium.  Both 
codirectional  and  contradirectional  coupling  are  consid¬ 
ered.  The  coupled-mode  theory  is  then  extended  to  con¬ 
sider  the  case  of  nondegenerate  two- wave  mixing.  This  is 
followed  by  a  discussion  of  the  fundamental  limit  of  the 
speed  of  photorefractive  effect.  The  concept  of  an  artifi¬ 
cial  photorcfractivc  effect  is  then  introduced.  In  the  sec¬ 
tion  that  follows,  we  consider  the  coupling  of  two  polar¬ 
ized  beams  inside  photorcfractivc  cubic  crystals.  The 
formulation  is  focused  on  the  cross-polarization  two-beam 
coupling  in  semiconductors  such  as  GaAs.  In  Section  IV, 
we  treat  the  coupling  of  two  electromagnetic  waves  inside 
a  Kerr  medium  and  discuss  the  electrostrictive  Kerr  effect. 
A  new  concept  of  nonlinear  Bragg  scattering  is  intro¬ 
duced.  We  also  point  out  the  similarity  among  various 
kinds  of  two-wave  mixing,  including  SBS  and  SRS.  In  the 
last  section,  we  discuss  several  applications  of  two-wave 
mixing.  These  include  photorefractive  resonators,  optical 
nonreciprocity,  resonator  model  of  self-pumped  phase 
conjugators,  real-time  holography,  and  nonlinear  optical 
information  processing. 

II.  Photorefractive  Materials 

The  photorefractive  effect  is  a  phenomenon  in  which 
the  local  index  of  refraction  is  changed  by  the  spatial  vari¬ 
ation  of  the  light  intensity.  Such  an  effect  was  first  dis¬ 
covered  in  1966  [7],  The  spatial  index  variation  leads  to 
a  distortion  of  the  wavefront,  and  such  an  effect  was  re¬ 
ferred  to  as  "optical  damage.”  The  photorefractive  effect 
has  since  been  observed  in  many  electrooptic  crystals,  in¬ 
cluding  LiNbOj,  BaTiOj,  SBN,  BSD.  BGO,  GaAs,  InP, 
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etc.  It  is  generally  believed  that  the  photorefractive  effect 
arises  from  optically-generated  charge  carriers  which  mi¬ 
grate  when  the  crystal  is  exposed  to  a  spatially-varying 
pattern  of  illumination  with  photons  having  sufficient  en¬ 
ergy.  Migration  of  the  charge  carriers  due  to  drift  or  dif¬ 
fusion  produces  a  space-charge  separation,  which  then 
gives  rise  to  a  strong  space-charge  field.  Such  a  field  in¬ 
duces  refractive  index  change  via  the  Pockcls’  effect.  This 
simple  picture  of  the  photorefractive  effect  explains  sev¬ 
eral  interesting  steady-sutc  optical  phenomena  in  these 
media. 

A.  Kukhtarev-Vinetskii's  Model 

Although  there  are  several  models  for  the  photorcfrac- 
tive  effect  (SJ-fl  1],  the  Kukhtarev-Vinctskii  model  is  the 
most  widely  accepted  one  [8].  (9].  In  this  model,  the  pho¬ 
torefractive  materials  are  assumed  to  contain  donor  and 
acceptor  traps.  These  traps  which  arise  from  the  imper¬ 
fections  in  the  crystal,  create  intermediate  electronic  en¬ 
ergy  states  in  the  bandgap  of  the  insulators.  When  photons 
with  sufficient  energy  are  present,  electronic  transitions 
due  to  photoexcitations  take  place.  As  a  result  of  the  tran¬ 
sitions,  charge  carriers  are  excited  into  the  conduction 
band  and  the  ionized  donors  become  empty  trap  sites.  The 
rate  of  carrier  generation  \s{sl  +  A^p),  whereas 

the  rate  of  trap  capture  is  yuNl^o-  Here,  s  is  the  cross 
section  of  photoionization,  0  is  the  rate  of  thermal  gen¬ 
eration,  yK  is  the  carrier-ionized  trap  recombination  rate, 
and  N  and  Np  stand  for  the  concentration  of  the  carriers 
and  ionized  traps.  Np  is  the  density  of  the  donor  traps. 

The  space-charge  field  produced  by  the  migration  of  the 
charge  carriers  is  determined  by  the  following  set  of  equa¬ 
tions: 

(1) 

I =  (si  +  0)(No  -N^)-  y,NNt  (2) 

J  =  efiU^E -  —  +  pi c  (3) 

V  •(«£“)  =  -t- A' - (4) 

where  c  is  the  unit  vector  along  the  c  axis  of  the  crystal, 
I  is  the  light  intensity,  is  the  acceptor  concentration, 
fi  is  the  mobility,  T  is  temperature,  k  is  the  Boltzmann 
constant,  n  is  the  index  of  refraction,  r  is  the  dielectric 
tensor,  pi  is  the  photovoltaic  current,  and  p  is  the  photc^ 
voltaic  constant.  E“  stands  for  the  space-charge  field.  E 
is  the  total  field  which  includes  £“  and  any  external  or 
internal  fields  (such  as  chemical  or  internal  ferroelectric 
fields). 

As  a  result  of  the  presence  of  the  space-charge  field,  a 
change  in  the  index  of  refraction  is  induced  via  the  linear 
electrooptic  effect  (1]  (Pockels  effect): 

=r,,,£r  (5) 


where  is  the  clectrooptic  coefficient  ( with  /,  J,  k  =  x, 
y,z). 

B.  Degenerate  Two-Wave  Mixing 

We  now  consider  the  interaction  of  two  laser  beams  in¬ 
side  a  photorefractive  medium  (see  Fig.  1).  If  the  two 
beams  are  of  the  same  frequency,  a  stationary  interference 
pattern  is  formed.  Let  the  electric  field  of  the  two  waves 
be  written 

£^  =  (6) 

where  A^,  Aizn  the  wave  amplitudes,  u  is  the  angular 
frequency,  and  are  the  wave  vectors.  For  simplic¬ 
ity,  we  also  assume  that  both  beams  are  polarized  perpen¬ 
dicular  to  the  plane  of  incidence  (i.e.,  s-polarized). 

Within  a  factor  of  proportionality,  the  intensity  of  the 
electromagnetic  radiation  can  be  written 

/=  l£l' =  l£, -h  £jf.  (7) 

Using  (6)  for  the  electric  field,  the  intensity  can  be  written 
/  =  jAi]  +1^2!  +  A*A2e  '  +  A^A* e'^  '  (8) 

where 

£=^2-?,.  (9) 

The  magnitude  of  the  vector  K  is  (2t/A),  where  A  is  the 
period  of  the  fringe  pattern.  The  intensity  [(8)]  represents 
a  spatial  variation  of  optical  energy  inside  the  photore¬ 
fractive  medium.  Accoiding  to  KuUitarev’s  model,  such 
an  intensity  pattern  will  generate  and  redistribute  photo¬ 
carriers.  As  a  result,  a  space-charge  field  is  created  in  the 
medium.  This  field  induces  a  volume  index  grating  via  the 
Pockels  effect.  In  general,  the  index  grating  will  have  a 
spatial  phase  shift  relative  to  the  interference  pattern  [8]. 
The  index  of  refraction  including  the  fundamental  com¬ 
ponent  of  the  intensity-induced  gratings  can  be  written 

n  =  /Jo  +  y  c'*  exp  ( -  /£  •  r )  +  c.c.  ( 10) 
^  *0 

where 

/o  =  /,  +  /2^id,f (11) 

n„  is  the  index  of  refraction  when  no  light  is  present,  <i>  is 
real,  and  /j|  is  a  real  and  positive  number.  Here  again,  for 
the  sake  of  simplicity,  we  assume  a  scalar  grating.  The 
phase  indicates  the  degree  to  which  the  index  grating  is 
shifted  spatially  with  respect  to  the  light  interference  pat¬ 
tern.  In  photorefractive  media  that  operate  by  diffusion 
only  (i.e.,  no  external  static  field),  e.g.,  BaTiOj,  the 
magnitude  of  d  is  jr/2_^with  its  sign  depending  on  the 
direction  of  the  c  axis.  K  is  the  grating  wave  vector  and 
/o  is  the  sum  of  the  intensities.  The  parameter  /ii  depends 
on  the  grating  spacing  and  its  direction,  as  well  as  on  the 
material  properties  of  the  crystal,  e.g.,  the  clectrooptic 
coefficient.  Expressions  for  n^e'*  can  be  found  in  (9)  and 
(10). 
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where  /Si  and  Pi  arc  the  z  components  of  the  wave  vectors 
kx  and  ki  inside  the  medium,  respectively.  The  energy 
coupling  depends  on  the  relative  sign  of  Px  and  Pi.  Thus, 
two-wave  mixing  is  divided  into  the  following  two  cate¬ 
gories. 

J)  Codirectional  Two-Wave  Mixing  (PxPi  >  0): 
Referring  to  Fig.  1(a),  we  consider  the  case  when  the  two 
laser  beams  enter  the  medium  from  the  same  side  at  z  = 
0.  Without  loss  of  generality,  we  assume  that 

Px  =  Pi  =  k  cos  (6/2)  =  ~n„  cos  (6/2)  (14) 

A 


where  6  is  the  angle  between  the  beam  inside  the  medium, 
and  /lo  is  the  index  of  refraction  of  the  medium. 

Substituting  (14)  for/3|  and  Pi  in  (13),  and  using  (u/c) 
=  2t/X,  we  obtain 


—  A  =  a-n,  . 

di  '  *  X/„  cos  (0/2)  ^ 


l-<2  \ 


2 


Fig.  I.  (a)  Schematic  drawing  of  codirectional  two-wave  mixing,  (b) 
Schematic  drawing  of  contradirectional  two-wave  mixing. 

The  finite  spatial  phase  shift  between  the  interference 
pattern  and  the  induced  volume  index  grating  has  been 
known  for  some  time  (8],  (12).  The  presence  of  such  a 
phase  shift  allows  for  the  possibility  of  nonreciprocal 
steady-state  transfer  of  energy  between  the  beams  (9), 
(13)-(15].  To  investigate  the  coupling,  we  substitute  (10) 
for  the  index  of  refraction  and  £  =  £|  -F  £2  for  the  elec¬ 
tric  field  into  the  following  wave  equation; 

V-£ -H  «^£  =  0  (12) 

c 

where  c  is  the  velocity  of  light. 

We  assume  that  both  waves  propagate  in  the  xz  plane. 
Generally  speaking,  if  the  beams  are  of  finite  extent  (i.e., 
comparable  to  the  intersection  of  the  beams),  the  ampli¬ 
tudes  may  depend  on  both  x  and  z-  Here  we  assume,  for 
the  sake  of  simplicity,  that  the  transverse  dimension  of 
the  beams  is  of  infinite  extent  so  that  the  boundary  con¬ 
dition  requires  that  the  wave  amplitudes  Ax  and  Ai  be 
functions  of  z  only  (see  Fig.  1).  We  will  solve  for  the 
steady  states  so  that  Ax  and  Ai  are  also  taken  to  be  time- 
independent. 

Using  the  slowly-varying  approximation,  i.e.. 


where  we  have  added  terms  that  account  for  the  attenua¬ 
tion  and  a  is  the  bulk  absorption  coefficient. 

We  now  write 

Ax  =  'ITx  exp(-i\Px) 

Ai  =  ^ITiCxp  (-i^i)  (16) 

where  ^1  and  ^2  are  pnases  of  the  complex  amplitudes  Ax 
and  Ai,  respectively.  Using  (16)  and  (11),  the  coupled 
equation  (15)  can  be  written  as 

d  ,  hh  , 

dz  lx  +  h 


dz  /,  +  A 


-ii=^  p  — 

dz  ^  /, 


y-r - 7777^  smd)  (19 

X  cos  (6/2) 

P  =  T - 7777;  COS  4>.  (20 

X  cos  (6/2) 

The  solutions  for  the  intensities  /|(z)  and  Iiiz)  are  (16) 


f|(z)  =  /i(0) 


1  -f-  m' 


'  1  -f  m-'e^ 

. ,  1  -F  m 

hiz)  =  MO  7— - 777 

1  -F  me  ^ 

where  m  is  the  input  intensity  ratio 


Note  that  in  the  absence  of  absorption  (a  =  0),  /2(z)  is 
an  increasing  function  of  z  ant  .',.  ')  is  a  decreasing  func¬ 
tion  of  z,  provided  y  is  positi’  The  sign  of  7  depends 
on  the  direction  of  the  c  axis.  /  *  inc  result  of  the  coupling 
for  7  >  0  in  Fig.  1,  beam  2  gains  energy  from  beam  1. 
If  this  two-wave  mixing  gain  is  large  enough  to  ovcrconhe 
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the  absorption  loss,  then  beam  2  is  amplified.  Such  an 
amplification  is  responsible  for  the  fanning  and  stimulated 
scatterings  of  laser  beams  in  photorefractive  crystals  (17). 

With  /i(z),  /jfz)  known,  the  phases  and  can  be 
obtained  by  a  direct  integration  of  (18).  Substituting  (21) 
and  (22)  into  (18)  for  /|  and  /j,  respectively,  we  obtain 

hU)  -  h(0)  =  r  ,  (24) 

Jo  1  +  »w  e 

Note  that  this  photorefractive  phase  shift  is  independent 
of  the  absorption  coefficient  a.  Carrying  out  the  integra¬ 
tion  in  (24),  we  obtain 
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Fig.  2.  Gain  versus  L  for  various  values  of  m. 


hiz)  ~  =  -  In  ^ 

7 


1  -I-  me' 


From  (18),  we  note  that 

+  h)  =  /3. 

dz 

Thus,  0i(2)  can  be  v-ritten 

Ui)  -  >^i(0)  =  -  [Uz)  -  WO)] 

m  +  1 


7 


m  +  e'' 


(25) 


(26) 


(27) 


and 


=  P 


h 

/,  +/2 


-6 


/i 

h  +  h 


(31) 


where  j3  and  y  are  phase  and  intensity  coupling  constants 
and  are  given  by 


7  = 


2xn, 

X.  cos  {6/2) 


sin  d> 


If  we  refer  to  Ai  as  the  signal  beam,  then  a  useful  param¬ 
eter  is  the  gain 


_  Mil  =  ^  -uL 

^  “  /j(0)  1  +  me-''- 


(28) 


where  we  recall  that  m  is  the  intensity  ratio  at  input  face 
(z  =  0).  Fig.  2  plots  the  gain  as  a  function  of  the  length 
of  interaction  L  for  various  values  of  m. 

2)  Contradireaional  Two-Wave  Mixing:  We  now  con¬ 
sider  the  case  when  the  two  beams  enter  the  medium  from 
opposite  faces,  as  shown  in  Fig.  1(b).  In  codircctional 
two-wave  mixing,  the  sum  of  the  beam  power  is  a  con¬ 
stant  of  integration  provided  the  medium  is  lossless, 
whereas  in  contradirectional  two-wave  mixing,  the  differ¬ 
ence  of  the  beam  power  (i.e.,  net  Poynting  power  flow) 
is  a  constant.  In  addition,  the  coupled-mode  equation 
which  governs  the  wave  amplitudes  is  also  different  from 
that  of  codirectional  coupling.  This  leads  to  qualitative 
differences  in  the  energy  exchange  between  the  two  waves 
in  two  cases. 

Let 

2  ^ 

6,  =  "02  =  k  cos  (e/2)  =  Y  n*  cos  {6/2)  (29) 


where  6/2  is  the  angle  between  each  of  the  beams  and  the 
z  axis.  Substitution  of  (29)  for  0,  and  02  in  (13)  yields  a 
similar  set  of  coupled  equations.  Using  (16),  such  a  set 
of  coupled  equations  becomes 


0 

di 


h 


-7 


h  +  /: 


-  a/. 


d 

dz 


-7 


hh 

/|  +  /; 


+  a/> 


(30) 


Comparing  with  (17)  and  (18),  we  notice  the  sign  differ¬ 
ence  in  these  equations  for  beam  2. 

The  solutions  for  (30)  and  (31)  can  be  obtained  in  closed 
form  for  the  case  when  a  =  0  (i.e.,  lossless).  In  the  loss¬ 
less  case,  we  note  that  the  Poynting  power  flow  along  -f  z 
is  conserved,  i.e., 

|(/|-/2)=0  (32) 

and  the  solution  of  (30)  with  a  =  0  is  [18] 

/)(z)  =  -C  •+■  'Jc^  -t-  0  exp  ( -yz) 

h{z)  =  C  +  \/C‘  +  B  exp  (-yz)  (33) 

where  B  and  C  are  consunts  and  are  related  to  the  bound¬ 
ary  condition.  B  and  C  can  be  expressed  in  terms  of  any 
two  of  the  four  boundary  values  /|(0),  /2(0),  ly{L)  and 
/2(t),  where  L  is  the  length  of  interaction.  In  terms  of 
/i(0)  and  (2(0),  B  and  C  are  given  by 

B  =  /,(0)  /2(0) 


C  =  (/j(0)  -  /, (0)1/2.  (34) 


In  practice,  it  is  convenient  to  express  6  and  C  in  terms 
of  the  incident  intensities  /i(0)  and  /2(L).  In  this  case,  B 
and  C  become 


B  = 


/.(O)  h{L) 


/i(0)  -1-  iiiL) 
h{L)  +  /,(0)exp(-yL) 


1  l\{L)  -  /j(0)  exp  (-yf.) 

2  /2(Z.)  -F  /,(0)exp(-yL)- 
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According  to  (30).  both  /,(;)  and  /i(z)  arc  increasing 
functions  of  z,  provided  y  is  negative.  The  transmittance 
for  both  waves,  according  to  (34)  and  (35),  arc 

_  fi(^  ^  1  +  w 

~  /,(0)  1  +  m”'  exp  {yL) 

,  =  —L±!1—  (36) 

^  IjiL)  1  +  «  exp  ( -yL) 

where  m  is  the  incident  intensity  ratio  /n*  ly{Q)/ 

Note  that  /i  <  I  and  >  I  for  positive  y.  The  sign  of  y 
depends  on  the  direction  of  the  c  axis.  It  is  interesting  to 
note  that  these  expressions  for  transmittance  are  formally 
identical  to  those  of  the  codircctional  coupling,  even 
though  the  spatial  variations  of  /|(z)  and  /jfz)  with  re¬ 
spect  to  z  are  very  different.  Note  that  /(  and  /j  are  related 
by  li  =  r,  exp  (yL). 

The  relative  phase  of  the  two  waves  is  obtained  by  solv¬ 
ing  (30)  in  cooperation  with  (33),  and  is  given  by 


Fig.  3.  Iniensily  variation  with  respect  to  :  in  photorefnetive  crystals.  The 
coupling  constant  is  taken  as  y  ^  -  10  cm~ '  and  interaction  length  L  is 
2.5  mm.  The  dashed  curves  are  for  the  lossless  case  (i.e.,  a  “  0).  The 
solid  curves  arc  obtained  by  numerical  integration  including  the  loss  (o 
=  1.6  cm'' ).  The  dotted  curves  arc  the  approximate  solution  (38). 


^2  ~  'l'\  -  +  constant  (37) 

where  (3  is  the  phase  coupling  constant.  The  relative  phase 
varies  linearly  with  z,  and  thus  leads  to  a  change  in  the 
grating  wave  vector  by  0/2  along  the  z  direction  (i.e., 
the  grating  wave  vector  becomes  K  -  \0t). 

The  nonreciprocal  transmittance  of  photorcfractivc  me¬ 
dia  may  have  important  applications  in  many  optical  sys¬ 
tems.  It  is  known  that  in  linear  optical  media,  the  trans¬ 
mittance  of  a  layered  structure  (including  absorbing 
material)  is  independent  of  the  side  of  incidence  (the  so- 
called  left  and  right  incidence  theorem).  Right  now,  with 
the  photorefractive  material  available,  it  is  possible  to 
make  a  "one-way”  window  which  favors  transmission 
from  one  side  only.  These  applications  will  be  addressed 
later  in  Section  V-C. 

The  solutions  of  (33)  did  not  take  into  account  the  effect 
of  the  bulk  absorption  of  light.  The  attenuation  due  to 
finite  absorption  coefficient  is  reflected  by  the  -al\  term 
on  the  right-hand  side  of  the  first  equation  in  (30),  and  the 
+  al2  term  on  the  RHS  of  the  other  equation.  With  these 
two  additional  terms  accounting  for  bulk  absorption, 
closed-form  solutions  are  not  available  (19].  However, 
(30)  can  still  be  integrated  numerically.  It  is  found  that  a 
very  g(X)d  approximate  solution  is 

lUz)  =  /r'“(z)cxp(-az) 

/“(Z)  =  /r°(z)  exp  (a(z -L)].  (38) 

The  approximation  is  legitimate  provided  a  «  |y  j. 

Fig.  3  illustrates  the  intensity  variation  with  respect  to 
Z  for  the  case  when  y  =  -  I'J"'  cm,  a  =  1 .6  cm"',  and 
L  =  2.5  mm.  If  the  loss  were  neglected  (i.e.,  a  =  0), 
the  transmittance  would  be =  1.81  and  =  0. 15.  With 
a  =  1.6  cm"',  the  transmittances  become  f|  =  1.27  and 
/j  =  O.ll  according  to  a  numerical  integration.  The  ap¬ 
proximate  solution  ((38)1  would  lead  to  f)  -  1.21  and 


=  0.10.  Note  that  even  with  the  presence  of  absorption, 
the  transmittance  can  still  be  greater  than  unity. 

By  using  the  approximation  solution  [(38)],  the  trans- 
mitiances  become 


U  = 


1  +  m"' 

1  +  m~'  exp  (yL) 


exp  ( -aL) 


1  +  m 

1  -f  m  exp  (-yL) 


exp  ( -aL). 


(39) 


There  are  two  extreme  cases  worth  mentioning.  In  the 
case  when  Ij^L)  »  /[(O),  m  «  1,  the  transmittances 
become  r,  =  exp  (( -y  -  a)L]  and  =  exp  (  -aL), 
whereas  in  the  case  when  /|(0)  »  /2(L),  m  »  1,  the 
transmittances  are  fj  =  exp  (  -aL)  and  ti  —  exp  ((y  - 
a)L]. 


C.  Nondegeneraie  Two-Wave  Mixing 

When  the  frequencies  of  the  two  laser  beams  are  differ¬ 
ent,  the  interference  fringe  pattern  is  no  longer  stationary. 
A  volume  index  grating  can  still  be  induced  provided  the 
fringe  pattern  does  not  move  too  fast.  The  amplitude  of 
the  index  modulation  decreases  as  the  speed  of  the  fringe 
pattern  increases.  This  is  related  to  the  finite  time  needed 
for  the  formation  of  index  grating  in  the  photorefractive 
medium.  In  the  next  section,  we  will  consider  the  funda¬ 
mental  limit  of  the  speed  of  photorefractive  effect. 

Let  W|  and  <<>2  be  the  frequency  of  the  two  beams.  The 
electric  field  of  these  two  beams  can  be  written 


Ej  =  7=1.2  (40) 


where  L)  and  Ly  Ihc  wave  vectors  and  A\,  Ai  are  the 
wave  amplitudes.  The  intensity  of  the  electromagnetic  ra¬ 
diation,  similar  to  that  given  by  (8).  can  be  written 


^  “  l^li 


+  A\A2  f 


(41) 
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where 


fl  =  Wj  “  W| 


(42) 

Such  an  intensity  distribution  represents  a  traveling  fringe 
pattent  at  a  speed  of 


V 


fl 

K 


OA 

2ir 


(43) 


where  A  is  the  period  of  the  fringe  pattern. 

The  index  of  refraction  including  the  fundamental  com¬ 
ponent  of  the  intensity-induced  grating  can  be  written 

n  =  ^  ^  ^ 

(44) 

where 

4  =  /,  +  /,  ^  lA.r  +  (45) 

4>  is  real  and  is  a  real  and  positive  number.  Here  again, 
for  the  sake  of  simplicity,  we  assume  a  scalar  grating.  The 
phase  ^  indicates  the  degree  to  which  the  index  grating  is 
shifted  spatially  with  respect  to  the  light  interference  pat¬ 
tern.  According  to  (20).  <i  and  n,  can  be  written,  respec¬ 
tively.  as 

d>  -  tan"'  ((It)  (46) 


and 


"(1  +nV)' 


75 


(47) 


where  t  is  the  decay  time  consunt  of  the  holograph  grat¬ 
ing,  An,  is  the  saturation  value  of  the  photoinduced  index 
change,  and  i$  a  constant  phase  shift  related  to  the  non¬ 
local  response  of  the  crysul  under  fringe  illumination. 
Both  parameters  An,  and  di,  depend  on  the  grating  spacing 
{It /K)  and  its  direction,  as  well  as  on  the  material  prop¬ 
erties  of  the  crystal,  e.g.,  the  electrooptic  coefficients. 
Expressions  for  An,  and  di*  can  be  found  in  [9]  and  (10). 
In  photorefractive  media,  e.g.,  BaTiOj,  that  operate  by 
diffusion  only  (i.e.,  no  external  static  field),  the  magni¬ 
tude  of  d>p  is  r  /2  with  its  sign  depending  on  the  orienta¬ 
tion  of  the  c  axis  (note  that  these  crystals  are  acentric). 

Following  the  procedure  similar  to  the  one  used  in  the 
previous  section,  coupled  equations  for  the  intensities 
/i(z).  /i(z)  and  the  phases  i^i(z),  ^j(fl)  are  obtained. 
They  are  formally  identical  to  those  of  the  degenerate 
case,  i.e.,  (17)  and  (18)  for  codirectional  coupling  and 
(30)  and  (31)  for  contradirectional  coupling.  The  intensity 
coupling  constant  >,  however,  is  now  a  function  of  the 
frequency  detuning  0. 

For  crystals  such  as  BaTiO)  that  operate  by  diffusion 
only,  the  coupling  consunt  can  be  written,  according  to 
(19).  (46).  and  (47),  as 

Y*=Wll+(fiO’l  (48) 


where  y«  is  the  coupling  constant  for  the  case  of  degen¬ 
erate  two-wave  mixing  (i.e.,  fl  *»  u'l  -  wj  «=  C)  and  is 
given  by 


4«-An, 

X  cos  C  ’ 


(49) 


In  deriving  (48).  we  have  used  a/2  for  d,  in  (46). 
The  two-wave  mixing  gain  can  be  written 


/:(!.)  1  4  m 

*  /2(0)  I  +  me-'" 


(50) 


where  we  recall  that  m  is  the  input  beam  ratio  m  = 
/i(0)//](0)  and  L  is  the  length  of  interaction. 

Fig.  4  shows  the  signal  gain  ((50)]  as  a  function  of  the 
frequency  detuning  Or  for  various  values  of  m.  We  note 
that  for  the  case  of  pure  diffusion,  signal  gain  decreases 
as  Or  increases.  This  is  true  for  both  codirectional  and 
contradirectional  coupling.  When  Or  »  1,  the  intensity 
coupling  constant  y  decreases  significantly.  The  time  con¬ 
stant  r  depends  on  materials  as  well  as  on  the  intensity  of 
the  laser  beams.  The  fundamenul  limit  of  such  a  time 
consunt  r  is  discussed  next. 


D.  Speed  of  Photorefractive  Effect— Crating  Formation 
Time 

As  mentioned  earlier,  photorefractive  crystals  such  as 
BaTiOj,  Sr,Bai-,Nb206  (SBN),  BiijSiOjo  (BSO),  etc., 
are  by  far  the  most  efficient  media  for  the  generation  of 
phase-conjugated  optical  waves  using  relatively  low  light 
intensities  (1-10  W/cm^).  In  addition,  these  materials 
also  exhibit  several  interesting  and  impotunt  phenomena 
such  as  self-pumped  phase  conjugation,  two-beam  energy 
coupling,  and  real-time  holography.  All  of  these  phenom¬ 
ena  depend  on  the  formation  of  volume  index  gratings  in¬ 
side  the  ctysuls  (8),  (9). 

One  of  the  most  imporunt  issues  involved  in  device 
applications  is  the  speed  of  the  grating  formation  (or  the 
time  consunt  r).  Such  a  speed  of  the  light-induced  index 
gratings  has  been  investigated  theoretically  using  Kukh- 
urev’s  model  and  others,  as  well  as  experimentally  in 
various  ctysuls  (8]-(10],  (21).  The  issue  of  fundamental 
limit  of  the  speed  of  photorefractive  effect  has  been  a  sub¬ 
ject  of  great  interest  recently.  Using  Kukhurev’s  model, 
let  us  examine  the  four  fundamenul  processes  involved 
in  the  photorefractive  effect  in  sequence:  1)  photoexciu- 
tion  of  carriers,  2)  transport,  3)  trap,  and  4)  Pockels  ef¬ 
fect.  The  photorefractive  effect  is  a  macroscopic  phenom¬ 
enon  and  requires  the  generation  and  transport  of  a  large 
number  of  charge  carriers.  We  note  that  without  the  pres¬ 
ence  of  charge  carriers,  photorefractive  gratings  can  never 
be  formed,  and  no  matter  how  fast  the  carriers  can  move 
(even  at  the  speed  of  light,  3  x  10*  m/s),  the  formation 
of  index  grating  is  still  limited  by  the  rate  of  carrier  gen¬ 
eration.  Therefore,  although  each  of  the  four  processes 
involved  imposes  a  theoretical  limit  on  the  response  time 
of  photorefractive  effect,  the  fundamental  limit  of  the 
speed  of  photorefractive  effect  is  determined  by  the  pho- 
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tocxcitation  of  carriers  and  not  by  the  carrier  transport.  In 
other  words,  the  charge  carriers  must  be  generated  before 
they  can  be  transported.  Any  finite  time  involved  in  the 
transport  process  can  only  lengthen  the  formation  time  of 
the  grating.  From  this  point  of  view,  the  fundamental  limit 
may  also  be  called  the  photon-flux  limit,  or  simply  the 
photoexcitation  limit.  Although  the  fundamental  limit  can 
be  derived  from  (l)-(4)of  Kukhtarev’s  model,  it  has  been 
recently  derived  using  a  relatively  simple  method  (221. 
Such  a  fundamental  limit  has  been  confirmed  experimen¬ 
tally  (23].  In  the  limit  when  the  crystal  is  illuminated  with 
infinite  intensity,  the  speed  of  the  photorefractive  effect 
will  be  limited  by  the  charge  transport  process  (24). 

Assuming  that  the  separation  of  a  pair  of  charge  parti¬ 
cles  requires  the  absorption  of  at  least  one  photon,  we  can 
calculate  the  energy  required  to  form  a  given  volume  in¬ 
dex  grating.  To  illustrate  this,  let  us  consider  the  photo- 
refractive  effect  in  BaTi03.  Generally  speaking  (10],  an 
efficient  beam  coupling  would  require  a  charge  carrier 
density  of  approximately  10“  cm"^.  Such  a  charge  sep¬ 
aration  would  require  the  absorption  of  at  least  I0“  pho¬ 
tons  in  a  volume  of  1  cm’.  Using  a  light  intensity  of  I  \V 
in  the  visible  spectrum,  the  photon  flux  would  be  approx¬ 
imately  l0'’/s.  Thus,  assuming  a  quantum  efficiency  of 
100  percent,  it  takes  at  least  1  ms  just  to  deposit  enough 
photons  to  create  the  charge  separation.  The  actual  grat- 
•  ing  formation  time  can  be  much  longer  because  not  all  of 
the  charge  carriers  are  trapped  at  the  appropriate  sites. 

According  to  the  model  described  in  (22],  the  minimum 
time  needed  for  the  formation  of  an  index  grating,  which 
provides  a  coupling  constant  of  y.  is  given  by 


where  fit-  is  the  photon  energy,  e  is  electronic  charge.  X 
is  wavelength  of  light.  A  is  the  grating  period,  or,  is  pho- 
torefraciivc  absorption  coefficient,  i)  is  the  quantum  effi¬ 
ciency.  t  is  dielectric  constant,  r  is  the  rclevent  elcctroop- 
tic  coefficient,  and  /  is  the  intensity  of  light.  Note  that  the 
time  constant  is  directly  proportional  to  the  coupling  con¬ 


stant  7  and  is  inversely  proportional  to  the  light  intensity. 
Equation  (SI)  is  the  expression  for  the  minimum  time  re¬ 
quired  for  the  formation  of  an  index  grating  which  pro¬ 
vides  a  coupling  constant  y. 

A  figure-of-merii  for  photorefractive  material  is  often 
defined  as 


Q 


(52) 


Table  1  lists  such  parameters  for  some  photorefractive  ma¬ 
terials.  Using  such  a  parameter,  the  photon-limited  time 
for  the  index  grating  formation  becomes 


Here,  we  note  that  this  photot.  mited  time  is  inversely 
proportional  to  the  material's  figurc-of-merit  and  is  pro¬ 
portional  to  the  coupling  constant  y. 

We  now  discuss  this  photon-limited  time  for  the  for¬ 
mation  of  an  index  grating  which  yields  a  coupling  con¬ 
stant  of  1  cm"'.  For  materials  such  as  BaTiOj,  SBN, 
BSO,  and  GaAs,  the  figurc-of-merit  Q  is  of  the  order  of 
1  (see  Tabic  I)  in  MKS  units  (M’/FV).  In  many  of  the 
experiments  reported  recently,  hv  is  approximately  2  cV. 
(  X/A)  is  of  the  order  of  0.1.  We  further  assume  that  the 
photoexcitation  absorption  coefficient  is  0. 1  cm"'  and  that 
the  quantum  efficiency  >)  is  100  percent.  Using  these  pa¬ 
rameters  and  a  light  intensity  of  1  W/cm*,  (53)  yields  a 
photon-limited  time  constant  of  0. 15  ms.  This  is  the  min¬ 
imum  time  required  for  the  formation  of  an  index  grating 
which  can  provide  a  two-wave  mixing  coupling  constant 
of  1  cm"'.  By  virtue  of  its  photoexcitation  nature,  the 
photorefractive  effect  is  relatively  slow  at  low  intensities 
because  of  the  finite  time  required  to  absorb  the  photons. 
Table  II  shows  the  comparison  between  the  measured  time 
constants  with  the  calculated  minimum  time  from  (53). 
The  only  way  to  speed  up  the  photorefractive  process  is 
by  using  higher  intensities.  Fig.  5  plots  this  minimum  time 
constant  for  BaTiOj  (or  GaAs)  as  a  function  of  intensity. 

The  photoexcitatiori  process  imposes  a  fundamental 
limit  on  the  speed  of  photorefractive  effect  at  a  given 
power  level.  The  time  constant  given  by  (51)  here  is  the 
absolute  minimum  time  required  to  generate  a  volume 
grating  of  given  index  modulation.  We  assume  that  the 
transport  is  instantaneous  and  the  quantum  efficiency  is 
unity.  Thus  the  derived  time  constant  is  the  absolute  min¬ 
imum  time.  Any  finite  time  involved  in  the  transport  pro¬ 
cess  can  only  slow  down  the  photorefractive  process. 

The  fundamental  limit  discussed  here  can  also  provide 
important  guidelines  for  many  workers  in  the  area  of  ma¬ 
terial  research.  For  example,  if  we  compare  it  with  the 
experimental  results,  we  find  that  the  time  constant  of 
some  materials  (e.g..  BaTiOj.  SBN)  is  two  orders  of 
magnitude  larger  than  the  fundamental  limit.  Thus,  the 
calculation  of  such  a  fundamental  limit  and  a  simple  com¬ 
parison  point  out  the  room  for  improvement  by  either  in¬ 
creasing  the  photorefractive  absorption  or  the  quantum  ef- 
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TABLE  t 

Fiov«t-o»-Mi*n  KM  SoMt  FMOTMtr* ACTIVE  Matui..  a  |22| 


Mawritit 

X 

am 

pm/K 

»/*. 

O' 

pm/Fi. 

O(MKS) 

BaTiO, 

0.5 

r«,  •  1640 

-  J.4 

-  5600 

6  5 

0  71 

SBN 

0.5 

r„  >  1540 

-  J.5 

*1 

-  5400 

4.1 

0  54 

OaAa 

I.I 

f„  -  1.45 

«,  •  1.4 

t 

-  12.5 

4.7 

0.55 

BSO 

0.6 

'at  •  5 

m  -  2.54 

*  « 

-  56 

1  5 

0.17 

UNbO, 

06 

-  51 

«,  -  2.2 

•i 

-  52 

10  5 

t.l6 

UTaO, 

0.6 

r„  -  51 

m,  "  2.2 

•> 

-  45 

7.5 

0.15 

KNbO, 

06 

-  5S0 

A  -  2.5 

*> 

-  240 

19  5 

2.2 

*The  ftfuiT-or-marit  Q  Uapenda  oa  Um  caaft|ura«ioA  of  iawraciioA. 

TABLE  tl 

COMfAaiiONor  MtAtuainTiMtCONtTAMri  r  anotmi  Funoamehtal  Limit/ 

Maitriali 

X 

gifTt 

A 

cm" 

> 

cm*' 

f* 

t 

t 

Rtmarii 

CaAi 

1.06 

1.0 

1.2 

0.4 

10  *  10'* 

45  X  10** 

(25) 

OaAl:Cr 

1.06 

1.1 

4.0 

0.6 

55  X  10* 

51  X  10** 

(26) 

BaTiO, 

0.515 

1.5 

1.0 

20.0 

1.5 

2  X  10*’ 

(27) 

BSO 

0.565 

250 

0  15 

too 

15  X  10*' 

2  X  10* ' 

(25) 

SBN 

0.515 

1.5 

0  t 

0.6 

2.5 

6  X  10*’ 

(29) 

SBN:C« 

0.515 

1.5 

0.7 

14.0 

0.1 

2  X  10*’ 

(29) 

*T  ind  I  »ti  limt  coiutanit  ii  incidtfti  i«ien$iiy  of  1  W/cm’. 

*1  it  ihc  calcuUKd  lime  coniiant  by  utiA(  (5))  tad  Msuminf  a  quantum  cilieitney  of  I . 


Fit  ^  Fondamcnul  limit  of  Ibt  ap«(d  of  phtMorefiaciivc  cffeci  of  BaTtO> 
(o<  CaAi)  uiiih  (owpliAf  conttani  of  t  cm' ' 

ficiency.  There  ace  some  nuterials  (e.g..  GaAs)  whose 
photorefnetive  response  is  close  to  the  fundamental  limit, 
leaving  no  more  room  for  further  improvement  by  any 
means  (e  g.,  heat  treatment,  doping,  or  reduction.)  Re¬ 
cently.  highly-reduced  crysuls  of  KNbOj  were  prepared 
which  exhibit  a  photorefractive  response  time  very  close 
to  the  fundamental  limit  (23]. 

In  summary,  the  photorefractive  effect  is  a  macroscopic 
phenomenon.  It  involves  the  transpon  of  a  large  number 
of  charge  carriers  for  the  formation  of  any  finite  grating. 
The  fundamental  limit  is  the  minimum  time  needed  for 
the  generation  of  these  carriers.  The  speed  is  fundamen¬ 
tally  limited  by  the  finite  time  needed  to  absorb  a  targe 


number  of  photons  at  a  given  power  level.  By  counting 
the  toul  number  of  photons  needed  for  the  formation  of 
an  index  grating,  the  photon-limited  time  consunt  is  de¬ 
rived.  This  time  constant  is  inversely  proportional  to  the 
light  intensity.  We  further  estimated  this  minimum  time 
consunt  for  some  typical  photorefractive  crystals.  Such  a 
fundamenul  limit  provides  imporunt  guidelines  for  re¬ 
searchers  in  the  areas  of  device  application  and  material 
research. 

111.  Photoxefxactive  Two- Wave  Mixing  in  Cubic 
Crystals 

Photorefractive  two-beam  coupling  in  electrooptic 
ciysuls  has  been  studied  extensively  for  its  potential  in 
many  applications.  Much  attention  has  been  focused  on 
materials  such  as  BaTiOj,  BSO.  SBN,  etc.,  because  of 
their  large  coupling  constants  (see,  for  example.  Table 
U).  Although  these  oxide  materials  arc  very  efficient  for 
two-beam  coupling,  they  are  very  slow  in  response  at  low 
operating  powers  (22).  Recently,  several  expcrimenul  in¬ 
vestigations  have  been  carried  out  to  study  two-wave  mix¬ 
ing  in  cubic  crysuls  such  as  GaAs,  which  responds  much 
faster  than  any  of  the  previously  mentioned  oxides  at  the 
ume  operating  power  (2S|.  (26). 

In  addition  to  the  faster  temporal  response,  the  optical 
isotropy  and  the  tensor  nature  of  the  electrooptic  coeffi¬ 
cients  of  cubic  crystals  allow  for  the  possibility  of  cruss- 
polariiation  coupling.  Such  cmss-polarization  two-wave 
mixing  is  not  possible  in  BaTiO)  and  SBN  because  of  the 
optical  anisotropy,  which  leads  to  velocity  mismatch.  The 
velocity  mismatch  also  exisu  in  BSO  crystals  because  of 
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the  cireuUr  birefrinfence.  A  number  of  special  cases  of 
two-wave  mixing  have  been  analyzed.  Recently,  a  gen- 
enl  theory  of  photorefiactive  two-wave  mixing  in  cubic 
ciysuls  was  developed  f30|.  Such  a  theory  predicu  the 
existence  of  cross-polarization  signal  beam  amplification. 
These  cross-polarization  couplings  have  been  observed  in 
OaAs  crystals  (3l)-(33).  In  v^t  follows,  we  describe  the 
coupled-mode  theory  of  photorefractive  two-wave  mixing 
in  cubic  crysuls,  especially  those  with  point  group  sym¬ 
metry  of  43m.  The  theory  shows  that  cross-polarization 
two-wave  mixing  is  possible  in  cubic  crystals  such  as 
GaAs.  Exact  solutions  of  coupled  mode  equations  are  ob¬ 
tained  for  the  case  of  codirectional  coupling. 


Fiz.  6.  SctWHUiic  of  pho«oK(tictiv«  Iwo-bcam  couptM|  in  cvbtc 

where  (|  is  a  3  x  3  tensor,  d  is  the  spatial  phase  shift 
between  the  index  grating  and  the  intensity  pattern.  6  is 
the  angle  between  the  beams  inside  the  crysul.  and  /,  is 
given  by 


A.  CoupUd-Modt  Theory 

Referring  to  Fig.  6,  we  consider  the  intersection  of  two 
polarized  beams  inside  a  cubic  photorefractive  crysul. 
Since  the  crystal  is  optically  isotropic,  the  electric  held  of 
the  two  beams  can  be  written  as 

E  ^  (sA,  +  p,^,)exp(-ii,  •  ?) 

+  (  jfl. pjfl,)exp(-/ij  -  f)  (54) 

where  k ,  and  k ;  are  wave  vectors  of  the  beams.  7  is  a 
unit  vector  perpendicular  to  the  plane  of  incidence,  and 
Pi,  P;  are  unit  vectors  parallel  to  the  plane  of  incidence 
and  perpendicular  to  the  beam  wave  vectors,  respectively. 
Since  each  beam  has  two  polarization  componenu,  there 
are  four  waves  involved  and  A,,  A^,  B,,  and  fi,  art  am¬ 
plitudes  of  the  waves.  All  of  the  waves  are  assumed  to 
have  the  same  frequency.  In  addition,  we  assume  that  the 
crystal  docs  not  exhibit  optical  rotation. 

In  the  photorefractive  crysul  (from  z  =  0  to  z  =  L). 
these  two  beams  generate  an  interference  pattern. 

£•£  =  a! A,  +  a;a^  +  B*B.  *  B*B, 

[{a,b:  ^  a,b;p,  •  p,) 

•  exp  (iA  ■  7 )  c.c.  j  (55) 

where  A'  =  kj  -  i |  is  the  grating  wave  vector,  and  c.c. 
represents  the  complex  conjugate.  We  note  that  there  are 
two  contributions  to  the  sinusoidal  variation  of  the  inten¬ 
sity  pattern.  As  a  result  of  the  photorefractive  cfiect,  a 
space-charge  held  £“  is  formed  which  induces  a  volume 
index  grating  via  the  Pockets  effect, 

(A*)^  =  (56) 

w-hcrc  *0  is  *he  dielectric  permittivity  of  vacuum,  n  is  the 
index  of  refraction  of  the  crystal,  is  the  electrooptic 
coefficient,  and  £*  is  the  k  component  (k  =  x ,  y,  j )  of  the 
space-charge  held.  The  fundamental  component  of  the  in¬ 
duced  grating  can  be  written 

-r  AfB*  cos*) 

'  exp(iA  -  ?  +  p)  +  c.c.l)//„  (57) 


I,  ^  A*  A, a;  Af,  ^  Bt  B,  +  B;  B,.  (58) 

For  cubic  crysuls  with  point  group  symmetry  of  43m. 
<1  is  given  by 

A  £:  £A 

«,  =  «V«,  £,  0  f,  (39) 

\£,  £.  0/ 

where  f4i  =  rjj,  =  rju  =  r,2j,  and  £,.  £,.  and  £,  arc  the 
three  components  of  the  amplitude  of  the  space-charge 
held. 

Substitution  of  the  index  grating  equation  (56)  into 
Maxwell’s  wave  equation  leads  to  the  following  set  of 
coupled  equations; 


where 


and 


•  (A,B*  +  A,B;  cos  *)//„ 

•  (<4;fi,  +  a;b,w^6)/k 

•  (A,B:  +  AX  cos  »)IL 

IV.4,1 

•  (a:B,  +  A/B^eos*)//. 


r  =  wVo«i 


Fv“<‘|I'l;)  ‘.3=s.  Pi.A*; 


(60) 

(61) 

(62) 


and  B|.  arc  the  z  components  of  the  wave  vectors 
As  iitdicatcd  by  the  subscripts.  I'^'s  arc  the  coupling 
consunis  between  the  ith  and  /th  potanzed  waves  Thus, 
and  are  the  parallel  coupling  constants,  and  1'^,, 
are  tite  cross-coupling  constants. 
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A  similir  sei  of  equitions  had  been  derived  by  previous 
workers  and  exact  soluiioiu  were  obtained  for  the  case  of 
coditectional  parallel  coupling  (34].  Here  we  focus  our 
attention  on  the  case  of  cross-polarization  coupling.  In 
cross'polarization  coupling,  the  t  component  of  beam  I  is 
coupl^  with  the  p  component  of  beam  2,  and  the  p  com¬ 
ponent  of  beam  1  is  coupled  with  the  s  component  of  beam 
,2. 

B.  Codirtctional  Cross  Coupli  4 

To  illustrate  the  use  of  the  coupled  equation  (60),  in  the 
case  of  codirtctional  cross  coupling,  we  consider  a  spe¬ 
cial  case  in  which  the  crystal  orientation  does  not  allow 
the  parallel  coupling  to  occur.  Such  a  two-beam  coupling 
configuration  is  shown  in  Fig.  7(a).  The  two  beams  enter 
the  crystal  in  such  a  way  that  the  grating  wave  vector  is 
along  the  [  1 10]  direction  of  the  crysul.  In  this  configu¬ 
ration,  the  unit  vector  s  is  parallel  to  (001  ]  and  the  unit 
vectors  pi,  p^  are  perpendicular  to  (001  ].  The  amplitude 
of  the  induced  index  grating  can  thus  be  written,  ac¬ 
cording  to  (59). 

0  0  1\ 

0  0  I  ]£“  (63) 

1  I  0/ 

where  £“  is  the  amplitude  of  the  space-charge  field. 

According  to  (63)  and  (62),  and  after  a  few  steps  of 
algebra,  the  coupling  constants  can  be  written 

r„  -  -  0  (64) 

r^.,  -  =  r^..  =  =  (2x/x)Vr«,£“  cos  (e/2) 

(65) 

where  we  assume  that  the  beams  enter  the  crystal  sym¬ 
metrically  such  that 

“  01  »  (2»/X)iicos(d/2).  (66) 

We  now  substitute  (65)  and  (66)  into  the  coupled  equa¬ 
tion  (60).  This  leads  to 

I  A,  =  ->0,(A,S;  +  A,It;  cos#}//, 

—  fl,  »  A/ 6,  cos  #)//, 

^A,  “  -iBAA.B/  *  A,B/  cos#)//, 

I  B,  »  yA.(A;  8,  »  a; 8,  cos  #)//.  (67) 

where  we  have  taken  d  ■■  v/2.  and  y  ts  teal  and  is  given 

t*) 

y  »  ]{ 2* /X )«’/„#■*•  (6S) 

We  notice  tiom  the  coupled  equation  (6?)  that  there  are 
two  cuntritsutiuns  to  the  hotograpKic  index  grating  The 
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FH  7.  (1)  A  CMAtttmiiefi  tot  eediiceiionxt  emt  p»Uriuiio«  ceuptiRt  in 
X  cubK  eiyiul  o(  aoim  tymnwiry  aim.  (b)  >  eMft|»riiion  tor 
<OMiidift<iio«*l  eiDU  EoUniAiton  coitpimt  in  ih*  xmw  cUm  oT  ciyt- 
uli 


relative  phase  of  these  two  contributions  is  very  important 
because  it  determines  whether  these  two  parts  enhance  or 
destroy  the  index  grating.  Such  a  relative  phase  is  deter¬ 
mined  by  the  relative  phases  of  the  four  amplitudes.  Thus, 
the  energy  exchange  among  the  four  waves  depends  on 
the  input  polarization  states. 

We  now  derive  the  solutions  of  these  coupled  equa¬ 
tions.  According  to  (67),  the  total  intensity  /,  is  a  constant 
(i.e.,  independent  of  z).  Thus,  it  is  convenient  to  nor¬ 
malize  the  beam  amplitudes  such  that  /,  =  1.  Here,  re¬ 
member  that  we  neglect  the  material  absorption  in  the 
coupled  equation.  We  will  obtain  the  closed  form  solu¬ 
tions  of  these  coupled  equations  for  the  case  of  no  ab¬ 
sorption.  In  the  case  when  the  material  absorption  cannot 
be  neglected,  the  solutions  are  obtained  by  simply  multi¬ 
plying  an  exponential  factor  accounting  for  the  absorp¬ 
tion.  This  is  legitimate  provided  that  alt  four  waves  have 
the  same  attenuation  coefficient. 

To  obuin  the  solutions  of  the  coupled  equation  (67),  it 
is  useful  to  employ  some  of  the  consunts  of  integration 
which  arc  given  by 


a.a;  +  b,b;  =  c, 

(69) 

A,A*  -f  B,B/  “  Cl 

(70) 

A, A*  *  B/Bf  *  C) 

(71) 

A,0,  ~ 

(72) 

Using  a  change  of  variable  similar  to  that  used  in  (34]  and 
(35] .  the  coupled  equations  can  be  wriuen 

d 

T  If  *  -y(#  Cl  cos  #  •»  go*  -  f,) 

(73) 

7  /  *  y{/'‘  i  cos  #  •♦  /o  -  r.) 
di 

(74) 

where 

f  ^  Af  /A,.  s  ^  Bf  tB, 

(75) 

e  »  fj  -  4'*  cos  # 

(76) 

tquatioax  (75)  and  (74)  c  A  be  inicgtated.  and  the  re¬ 
sults  are 

/  “  A,/A,  *  (  -  o  •»  .  unh  (  -qy:/2  ■*  C))/ 

(2e,  cox  #) 
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g  -  B,/B.  -{-«*  +  V*  unh  (q*yz/2  *  C'))/ 


(2ci  cos  6) 


(77) 


with 

-  4c, f,  +  o*  (78) 


where  C  and  C'  arc  constants  of  integration  which  are 
determined  by  the  boundary  condition  at  z  »  0. 

Once / and  g  are  known,  the  intensity  of  all  four  waves 
is  given  by 

I  l/ffi  -  l/sTci 
I  -  i/«i' 


i-<.i 


-  |/g  r<-| 

1/r  ■  >  -  i/si’ 

_  ^2  -  l/T^i 

IsT'  1-lAl’ 


(79) 


We  now  consider  a  special  case  of  particular  interest  in 
which  the  cubic  crystal  is  sandwiched  between  a  pair  of 
cross  polarizers.  Such  a  configuration  is  useful  to  elimi¬ 
nate  unwanted  background  radiation  which  often  causes 
noises  in  the  detection  of  signals.  The  boundary  cottdi- 
tioiu  in  this  case  may  be  taken  as 


4,(0)  =  «,(0)  =  0.  (80) 

Using  (71)  and  (75)-(78),  we  have /(O)  =  g(0)  =  0,  e, 
s  0.  and  e  =  0.  and  the  solutions  bccortte 

. _ q  tanh  (qy:/2) 

2cj  cos  # 


q  tanh  (tn:/2) 
2e>  cos  0 


(81) 


where  q  -  2  \'cic. 

Taking  8-0,  and  ustng  (79).  the  tiucnsii)  of  the  four 
waves  becomes 


I^J'  “  *■: 


I 


I  ♦  unh'  (vii/2) 
unh*  {<n:/7) 


1  *  tonh*  (^:/2) 


l^.r  *  *■; 


1 


I  ♦  unh'  (^;/2) 
^  I  e  tanh-  (v',r/2) 


(C) 


whcicc,  |4.(0)[\ej  [it.(U)|'  Ftg  8(a)showslhe 

vartatton  of  these  tntenstttrs  as  (unettons  of  position  for 
the  ease  ot  e./e,  <^0  1  We  note  that  (or  strung  eowpttag 
iyt-  »  I ).  one-half  of  the  utcideat  pump  energy  4.(0) 


f* 


(*) 


t  ¥i  llhC  tatgtigk  ^  t^f 

t »  «  .  ( -  f^lO)  -  f  j/tfj  »  0  I )  tv  tfc*  tt  Iwk 

u  M  MUAWilh  gJkltle  W  U«  1  »Aa2 

kiw  ka  >  fuUM£«4.  C|/«,  *  0  Ot 


Is  coupled  to  the  p  eomponeai  of  the  signal  beam  ff,.  and 
one-half  of  the  incident  signal  energy  8.(0)  ts  coopted  to 
the  p  component  of  itse  pump  beam  As  a  result  of  the 
opposite  Signs  in  the  wave  amplitudes  ( /  <  0).  the  two 
conuibutions  to  the  tndea  grating  tend  to  cancel  each 
other  Thus,  when  the  energy  of  the  p  components  teaches 
one  half  of  the  mcideni  energies,  the  coupling  ceases 
ti  Is  possible  ilsat  the  p  component  of  the  signal  beam 
8,  reeetvcs  most  of  the  incident  pump  energy  4.  h'lg 
8(b)  illustrates  a  case  in  which  the  pump  beam  has  both  i 
and  p  eotnponenu.  wbcKas  the  signal  beam  u  «-pubt- 
Ued  We  ante  that  fot  sifong  coupling  (yi.  »  I ).  most 
uf  the  eneigy  of  the  a  component  of  the  pump  beam  is 
coupled  to  the  p  componeru  of  the  sigrut  beam  The  non 
icctptocal  ttansfet  of  energy  u  very  sinutat  to  that  of  cun- 
vcatiuaal  two-wave  miaing 
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The  exact  solutions  of  (77)  and  (79)  arc  useful  when 
the  coupling  is  strong  (yL  »  I )  and  the  energy  ex¬ 
change  is  significant.  For  the  case  of  weak  coupling  (yL 
«  1 ).  or  very  little  pump  depletion,  we  may  assume  that 
the  pump  beam  amplitudes  (A„  A^)  remain  virtually  un¬ 
changed  throughout  the  interaction.  Under  these  condi¬ 
tions.  the  coupled  equations  become 

^  B,  =  yaBf  +  ybB, 
az 

^B,^  ycB,  +  ydB,  (83) 

di 

where  a,  b,  c.  and  d  are  dimensionless  constants  and  arc 
given  by 

a  =  cos  e/I„ 
b  =  A,A:it, 
c  =  A, A*  cos  6Jl„ 

(84) 

We  note  that  the  magnitude  of  all  four  of  these  constants 
is  less  than  unity. 

The  coupled  equation  (83i  can  be  easily  integrated  and 
the  results  are 

BAz)  =  {(<>^,(0)  +  aB,{0)\ exp  [{b  +  c)yz] 

-h  [cB,(0)  -  afi,(0)]j/(h c) 

Bpiz)  =  {c(tfi,(0)  +  ofip(O)]  exp  [(6  +  c)yz] 

-b[cfi,(0) -oB^(0)]}/(o(b -t-c)]  (85) 

where  B,(0)  and  B^(0)  are  the  amplitudes  of  the  signal 
beams  at  z  =  0. 

If  we  set  Bp (0)  =0  in  (85),  we  obtain 

+  c]/(B  4c) 

Bp(z)  =  -  1]/(g(B  c)].  (86) 

If  we  assume  further  that  7Z  «  1.  (86)  can  be  written 
approximately  as 

fl,(z)  =  B,(0)  B.{0)^yz 

*0 

\a  P 

MO  =  (87) 

'O 

We  note  that  the  amplitude  of  B,  may  increase  or  decrease 
depending  on  the  polarization  state  of  the  pump  beam  A, 
whereas  the  amplitude  Bp  is  an  increasing  function  of  yz. 

In  the  above  derivation,  a  spatial  phase  shift  between 
the  index  grating  and  the  intensity  pattern  was  assumed  to 
be  exactly  t/2,  which  corresponds  to  the  case  of  pure 
diffusion  (i.e..  no  externally-applied  static  electric  field). 
In  the  event  when  the  spatial  phase  shift  is  not  r  /2,  (69)- 
(72)  are  still  valid  and  exact  solutions  are  still  available. 


They  ate  given  by 

/=  Ap/A,  =  (-a  +  q  tanh  (ieqyz/2  +  C)]/ 

(2ci  cos  $)  (88) 

g  =  Bp/B,  =  (-0*  +  q*  lanh  (U*q*yz/2  +  C')]/ 
(2c,  cos  fl)  (89) 

where  c  is  an  exponential  factor  given  by 

e  =  exp(i«).  (90) 

We  note  that  the  solutions  are  formally  identical  to  the 

previous  case,  except  the  complex  phase  factors  ie*  and 
—if  in  the  argument  of  the  transcendental  function.  De¬ 
viation  from  0  =  t/2  is  known  to  occur  in  nondegenetate 
two-wave  mixing  (see  (46)).  Such  a  deviation  for  the  case 
of  degenerate  two-wave  mixing  has  been  observed  in  ox¬ 
ide  crystals  such  as  BaTi03  and  Sro.eBao  xNb,©^  (36). 

For  the  special  case  of  particular  interest  in  which  the 
cubic  crystal  is  sandwiched  between  a  pair  of  cross  po¬ 
larizers,  the  boundary  conditions  arc  given  by  (8).  Using 
(71)  and  (75)-(78),  we  have /(O)  =  g(0)  =  0,  c,  =  0, 
and  0=0,  and  the  solutions  become 

^  tj  tanh  (ifyyz/2) 

2C|  cos  6 


q  tanh  {ie*qyz/2) 
2c2  cos  B 


(91) 


where  q  -  2  VciC,. 

Consider  the  special  case  of  <f>  =  0.  The  solutions  (91) 
become 


<9  tan  (qyz/l) 
2c,  cos  6 


iq  tan  {qyz/1) 
2cj  cos  6 


(92) 


Taking  6  =  0,  and  using  (79).  the  intensity  of  the  four 
waves  becomes 

MiP  =  c^cos^  {qyi/2) 

MpP  =  cjsin^  {qyz/2) 

lB,p  =  C2C0S^(^z/2) 

jBj^  =  C|  sin^  (<7yz/2)  (93) 

where  c,  =  |/<,(0)p,  C2  =  |B,(0)|’.  Note  that  the  in¬ 
tensities  of  these  waves  are  periodic  functions  of  z.  This 
is  distinctly  different  from  the  case  when  4>  =  t/2.  The 
case  of  <#i  =  0  corresponds  to  a  pure  local  response  of  the 
material.  Although  the  energy  is  exchanged  back  and  forth 
between  A,  and  Bp  as  well  as  between  Ap  and  B„  there  is 
no  nonreciprocal  energy  transfer.  In  other  words,  there  is 
no  unique  direction  of  energy  flow  as  compared  with  the 
case  when  d>  0.  For  cases  with  0  <  jdil  <  x.  nonre¬ 
ciprocal  energy  transfer  is  possible  according  to  our  so- 
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lutions  (88)  and  (89)  with  maximum  energy  transfer  at  4) 
=  ±t/2. 

C.  Contradirectional  Cross  Coupling 
Referring  to  Fig.  7(b).  we  consider  a  case  of  contradi¬ 
rectional  coupling  which  does  not  permit  the  parallel  cou¬ 
pling  to  occur.  The  two  beams  enter  the  crystal  in  such  a 
way  that  the  grating  wave  vector  is  along  the  (001 )  di¬ 
rection  of  the  crystal.  In  this  configuration,  the  unit  vector 
s  is  parallel  to  (010]  and  the  unit  vectors  pi,  p^  are  per¬ 
pendicular  to  [010].  The  amplitude  of  the  induced  index 
grating  ti  can  thus  be  written,  according  to  (59), 

r ' 

<>  =  «\il  1  0  0  (94) 

\o  0  0/ 

where  E'^  is  the  amplitude  of  the  space-charge  field. 

According  to  (62)  and  (94).  and  after  few  steps  of  al¬ 
gebra,  the  coupling  constants  can  be  written 

~  Fpip;  =  0 

=  Tp,,  =  =  Tp,.  =  cos  (6/2)  (95) 

where  we  assume  that  the  beams  enter  the  crystal  sym¬ 
metrically  (sec  Fig.  7(b)l  such  that 

=  -02  =  -(27r/X)ncos  (6/2).  (96) 

We  now  substitute  (95)  and  (96)  into  the  coupled  equa¬ 
tion  (60).  This  leads  to 

^  cos  6)/I„ 

^  01  =  yM'** B,  +  dp*  Bp  cos  e)/i„ 

^  dp  =  yB,(AjB*  +  ApB*  cos  6)/!^ 

I  Bp  =  yd,(d; B,  +  dp*  Bp  cos  6)/l„  (97) 

where  we  have  taken  =  x/2,  and  y  is  real  and  is  given 
by 

y  =  )(2T/X)nV„E“.  (98) 

Notice  that  the  coupled  mode  equation  (97)  is  similar 
to  that  of  (67),  except  for  the  signs.  The  difference  in  signs 
is  due  to  the  direction  of  propagation  of  the  pump  beam 
(dj,  dp).  As  a  result  of  this  difference,  the  total  intensity 
/p  is  no  longer  a  constant.  According  to  (97),  (A*  A,  + 
d*  dp  -  B*  B,  -  Bp  Bp),  which  is  proportional  to  the  net 
Poynting  power  flow  along  the  -Hz  direction,  is  a  constant 
(37).  There  are  other  constants  of  integration.  These  in¬ 
clude 

d;d,  -  Bp*  Bp  =  C| 
dp  dp  —  B*  B,  —  Cj 
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d,dp  —  B,Bp  =  Cy 
A,B,  -  ApBp  =  C4.  (99) 

Because  is  not  a  constant,  the  integration  of  the  cou¬ 
pled  equation  (97)  is  not  as  simple  as  that  of  (67).  As  of 
now,  there  is  no  closed  form  solution  available.  However, 
numerical  techniques  can  be  used  to  integrate  the  coupled 
equations. 

For  the  case  of  no  pump  depletion,  we  may  treat  d,  and 
dp  as  consunts.  In  this  case,  the  coupling  equations  for 
B,  and  Bp  are  identical  to  those  of  the  codirectional  cou¬ 
pling,  and  the  solutions  are  given  by  (85)  and  (86). 

In  summary,  we  have  derived  a  general  theory  of  the 
coupling  of  polarized  beams  in  cubic  photorcfractive 
crystals.  As  a  result  of  the  optical  isotropy  of  the  crystal 
and  the  tensor  nature  of  the  holographic  photorcfractive 
grating,  cross-polarization  energy  coupling  occurs.  Exact 
solutions  for  the  case  of  codirectional  coupling  arc  ob¬ 
tained.  Such  cross-polarization  coupling  may  be  useful  for 
the  suppression  of  background  noises. 

D.  Cross-Polarization  Two-Beam  Coupling  in  GaAs 
Crystals 

Cross-polarization  two-beam  coupling  has  been  ob¬ 
served  in  GaAs  crystals  recently.  The  experimental  re¬ 
sults  are  in  good  agreement  with  the  coupled-mode  theory 
presented  earlier  (31) -[33]. 

In  a  contradirectional  two-beam  coupling  experiments 
as  .described  in  (33),  a  1 . 15  #xm  beam  from  a  He-Ne  laser 
is  split  into  two  by  a  beam  splitter.  The  two  beams  inter¬ 
sect  inside  a  liquid-encapsulated  Czochralski  (LEC) 
grown,  undoped,  semiinsulating  GaAs  crystal  from  op¬ 
posite  sides  of  the  (001 )  faces  (see  Fig.  7(b)].  The  inter¬ 
secting  angle  of  two  beams  is  approximately  168°.  The 
wave  vector  of  the  induced  index  grating  is  along  the 
(001]  crystalline  direction. 

One  beam,  B,  is  polarized  along  the  (010]  direction  (s- 
polarization)  using  a  polarizer,  which  fits  the  condition  of 
Bp(0)  =  0.  The  other  beam.  A,  is  transmitted  through 
another  polarizer  (along  the  ( 100]  direction),  followed  by 
a  half-wave  plate,  which  is  used  to  vary  the  polarization 
of  the  pump  beam.  The  power  of  beams  A  and  B  is  80 
mW /cm^  and  1  mW/cm^,  respectively.  The  GaAs  crystal 
is  5  mm  thick.  The  gain  coefficient  of  the  crystal  mea¬ 
sured  with  the  regular  beam-coupling  configuration  is 
about  0.1 /cm.  These  values  fit  well  with  the  conditions 
of  no  beam  A  depletion  and  yL  «  1 ,  which  are  used  to 
derive  (87).  A  mechanical  chopper,  which  operates  at  100 
Hz,  is  used  to  modulate  beam  /4.  An  analyzer  is  placed  in 
front  of  a  Ge  photodetector.  The  analyzer  is  used  so  that 
the  intensity  of  both  the  s  and  p  components  of  transmitted 
beam  B  can  be  measured.  The  signal  from  the  photode¬ 
tector  was  amplified  by  a  current  amplifier,  whose  output 
can  be  used  as  the  dc  component  of  |  B,(L)  |^.  A  lock-in 
amplifier  is  used  to  measure  the  ac  component  of  |  B,(L)  p 
and  |flp(f.)l^ 

According  to  (87),  the  beam  intensities  can  be  written 
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\BAL)\'  =  lB.(0)f(l  +  (sin2,^hBl  (100) 

\B,{L)f  =  \B,(0)f[{cos4')\yLf]  (10») 

where  ]  Bj(0)  p  is  the  intensity  of  beam  B  at  z  =  0  and  4' 
is  the  angle  between  the  s  vector  and  the  polarization  di¬ 
rection  of  beam  A.  In  addition,  we  have  used  the  intensity 
of  beam  A  to  be  approximately  equal  to  /,  and  neglected 
the  (yL)^  term  in  the  first  equation  of  (87).  There  are  sev¬ 
eral  interesting  features  in  (87)  which  should  be  pointed 
out.  ( B,(L)  (■  may  increase  or  decrease  depending  on  the 
polarization  state  of  the  pump  beam  A,  whereas  jB^(Z.)p 
is  an  increasing  function  of  yL.  Both  |B^(L)j’  and 
lBp(I)p  are  independent  of  6.  The  ac  component  of 
|B,(I)p  has  a  function  of  sin  24>  which  has  a  maximum 
3X  4/  =  45°  and  a  minimum  of  V*  =  135°,  whereas 
lBp(L)l‘  is  a  function  of  (cos  4)*  and  has  maxima  at  4 
=  0  and  180°.  These  features  have  been  validated  with 
experimental  data  [33]. 

In  addition,  it  is  observed  that  the  maximum  value  of 
lBp(Z-)p  is  smaller  than  the  maximum  ac  component  of 
j  Bj(L)  P  by  a  factor  of  0.052.  From  (100)  and  (101),  it 
is  clear  that  the  factor  of  0.52  is  yL.  This  leads  to  7  = 
0.104/cm,  which  is  practically  the  same  as  the  7  of  the 
sample  measured  by  a  regular  beam-coupling  technique. 

In  codirectional  interaction  configurations,  the  output 
of  a  CW  Nd:YAG  laser  beam  was  used  [31).  A  laser 
beam  operating  at  1.06  /xm  was  split  into  two  by  a  beam 
splitter  and  then  recombined  inside  a  semiinsulating  (un¬ 
doped)  GaAs  crystal.  The  beam  diameter  of  both  beams 
was  about  1  mm  just  before  entering  the  crystal.  The  in¬ 
tensities  of  the  pump  and  the  probe  were  about  I  W  /ert? 
and  10  mW /cm^  respectively,  and  the  angle  between  the 
beams  was  90°  outside  the  crystal.  A  neutral  density  filter 
was  used  in  the  probe  beam  to  achieve  the  desired  inten¬ 
sity  ratio  between  the  pump  and  the  probe.  The  half-wave 
plate  X/2  was  used  in  the  pump  beam  to  control  the  initial 
mixture  of  the  s  and  p  components.  Also,  a  chopper  was 
used  to  modulate  the  pump  beam  at  about  100  Hz.  Fi¬ 
nally,  the  probe  beam  transmitted  through  the  crystal  was 
analyzed  by  a  polarizing  beam  splitter,  and  the  p  and  s 
components  were  simultaneously  monitored  indepen¬ 
dently  by  two  photodetectors.  Various  polarization  states 
of  the  pump  beam  were  achieved  by  rotating  the  half-wave 
plate, -while  both  lB,(L)pand  lB^(i.)  p  were  monitored 
simuluneously.  There  is  good  agreement  between  the  ex¬ 
perimental  data  and  the  theoretical  calculations. 

The  coupling  coefficient  can  be  calculated  from  (100) 
and  (101).  One  can  solve  for  the  coupling  yL  by  taking 
the  ratio  of  the  measured  value  of  |  B,(L)  f  and  |  Bp(L)  r 
at  =  0.  Using  the  measured  interaction  length  Lof  0.5 
cm,  we  have  calculated  the  cross-polarization  coupling 
coefficient  7  to  be  about  0.4  cm"'.  This  value  is  consis¬ 
tent  with  the  gain  coefficient  measured  for  parallel-polar¬ 
ization  coupling  in  the  same  sample.  According  to  the 
theory,  the  gain  coefficients  for  both  parallel-  and  cross¬ 
polarization  coupling  should  be  the  same.  The  coupling 
coefficient  of  7  =  2.6  cm"'  has  been  observed  recently 
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in  a  sample  of  GaAs  crystal  (38).  Using  moving  fringes 
in  the  GaAs/Cr  crystal,  an  even  higher  coupling  coeffi¬ 
cient  of  7  =  6  ~-  7  cm"'  has  also  been  reported  {39). 

Such  coupling  coefficients  allow  the  possibility  of  net  gain 
(amplification)  in  two-wave  mixing. 

IV.  Kerr  Media 

In  the  above  discussion,  we  notice  that  the  nonlocal  re¬ 
sponse  (i.e.,  ^  0)  in  photorefractive  media  plays  a  key 

role  in  the  nonreciprocal  energy  transfer.  The  existing 
materials  such  as  BaTiOj,  LiNbOj,  SBN,  BSO,  BGO,  etc. 
are  very  slow  and  are  also  effective  only  for  visible  light. 
Photorefractive  crystals  such  as  GaAs,  CdTe,  GaP,  InP, 
and  other  semiconductors  are  faster  and  are  also  effective 
in  the  near-IR  spectral  region  [25],  [26].  However,  for 
high-power  laser  application,  these  solids  are  no  longer 
useful.  Gases  or  fluids,  because  of  their  optical  isotropy 
and  local  response,  have  never  been  considered  as  can¬ 
didate  materials  for  degenerate  two-wave  mixing.  In  what 
follows,  we  show  that  nonlocal  response  in  gases  or  fluids 
can  be  artificially  induced  by  applying  an  external  field  or 
simply  by  moving  the  media.  Using  such  a  concept,  gases 
or  fluids  become  the  best  candidate  materials  for  high 
power  laser  beam  coupling.  Energy  coupling  also  occurs 
in  stationary  media  when  the  frequencies  of  the  two  beams 
are  properly  detuned,  as  in  SBS  and  SRS. 

A.  Two-Wave  Mixing  in  Kerr  Media 

The  concept  of  using  moving  gratings  in  local  media 
for  energy  coupling  was  first  proposed  in  1973  by  a  group 
of  Soviet  scientists  (41]-[44].  It  was  recognized  that  a 
spatial  phase  shift  between  the  index  grating  and  the  light 
intensity  pattern  can  be  induced  by  moving  the  grating 
relative  to  the  medium.  Such  a  spatial  phase  shift  is  a  re¬ 
sult  of  the  inertia  (temporal)  of  the  hologram  formation 
process  and  leads  to  a  nonreciprocal  energy  transfer.  If 
the  formation  time  of  the  hologram  is  finite,  a  spatial  phase 
shift  occurs  when  the  intensity  pattern  is  moving  relative 
to  the  medium.  In  addition  to  the  phase  shift,  such  a  mo¬ 
tion  also  leads  to  a  decrease  in  the  depth  of  modulation  of 
the  induced  index  grating.  Several  possibilities  of  achiev¬ 
ing  such  a  spatial  phase  shift  have  been  proposed.  These 
include  moving  the  medium  itself  relative  to  a  thermally 
induced  grating  [41],  using  the  Lorentz  force  to  move  free- 
carrier  grating  in  a  semiconducting  medium  [45],  and 
nondegenerate  two-wave  mixing  in  which  a  frequency 
shift  between  the  beams  results  in  a  moving  grating  [46]- 
[49].  It  is  important  to  note  that  a  temporal  phase  shift 
itself  is  not  enough  for  energy  coupling.  The  induced  in¬ 
dex  grating  must  be  physically  shifted  in  space  relative  to 
the  intensity  pattern  in  order  to  achieve  energy  coupling. 

It  is  known  that  the  Kerr  effect  in  gases  or  fluids  is  a 
local  effect.  In  media  with  local  response  {4  -  0),  there 
is  no  steady-state  transfer  of  energy  between  two  lasers  of 
the  same  frequency.  In  what  follows,  we  will  show  that 
nonlocal  response  can  be  induced  by  moving  the  Kerr  me¬ 
dium  relative  to  the  beams.  Such  an  induced  nonlocal  re- 
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sponse  is  only  possible  when  the  material  response  time 
T  is  finite. 

The  propagation  of  electromagnetic  waves  in  media 
possessing  a  strong  Kerr  effect  is  one  subject  of  long  and 
sustained  interest.  A  number  of  interesting  phenomena 
manifest  themselves  at  high  incident  beam  powers.  This 
includes  self-phase  modulation,  mode-locking  and  self- 
focusing.  The  effect  is  described  by  a  dependence  of  the 
index  of  refraction  on  the  electric  field  according  to 

n  =  -h /i2<£'>  (102) 

where  is  the  index  of  refraction,  rij  is  the  Kerr  coeffi¬ 
cient  (see  Appendix  A),  and  <  >  is  the  time  average  of 

the  varying  electric  field. 

Consider  the  case  of  degenerate  two-wave  mixing.  The 
time  average  of  the  electric  field,  is  given  by 

<£^>  =  £^(1  cos(^  •  r)]  (103) 

where  we  assume  Eo~A^  =  A-^.  The  index  of  refraction, 
according  to  (102)  and  (103),  is  given  by 

n  -  n„  +  tijEW  1  +  cos  {K  •  r)].  (104) 

Comparing  (104)  with  (103),  we  note  that  the  response  is 
local  and  there  can  be  no  energy  coupling,  even  if  tii  is 
complex. 

Using  the  interference  of  two  beams  with  different  fre¬ 
quencies,  a  moving  fringe  pattern  can  be  obtained  inside 
the  medium.  As  a  result  of  the  finite  temporal  response  .T 
the  material,  a  spatial  phase  shift  exists  between  the  in¬ 
duced  index  grating  and  the  intensity  pattern.  Such  a  finite 
phase  shift  leads  to  energy  transfer  between  the  beams. 
Coupled-mode  analysis  has  been  used  to  study  the  beam 
coupling  in  these  media  [40].  In  what  follows,  we  de¬ 
scribe  the  coupling  of  two  beams  with  different  frequen¬ 
cies  in  the  codirectional  configuration. 

Inside  the  Kerr  medium,  the  two  waves  form  an  inter¬ 
ference  pattern  which  corresponds  to  a  spatially  periodic 
variation  of  the  time-averaged  field  <  £^  >.  In  a  Kerr  me¬ 
dium,  such  a  periodic  intensity  produces  a  volume  grat¬ 
ing.  Thus,  the  problem  we  address  is  most  closely  related 
to  the  phenomenon  of  self-diffraction  from  an  induced 
grating.  The  formulation  of  such  a  problem  is  very  similar 
to  that  of  the  holographic  two-wave  coupling  in  photore- 
fiactive  cr>’stals  [8],  [9],  [12].  However,  there  exists  a 
fundamental  difference  betw'een  these  two  types  of  two- 
wave  mixing.  In  photorefractive  media,  the  index  modu¬ 
lation  is  proportional  to  the  contrast  of  the  interference 
fringes,  whereas  in  Kerr  media  the  index  modulation  is 
directly  proportional  to  the  field  strength.  Thus,  in  Kerr 
media  the  coupling  strength  is  proportional  to  the  beam 
intensities,  whereas  in  photorefractive  media  the  coupling 
strength  is  determined  by  the  ratio  of  beam  intensities. 

Let  the  electric  field  of  the  two  waves  be  written 

£,  =  .4,exp  [/(w^r  -  A,  •  ?)]  )  =  1.2  (105) 

where  w/s  are  the  frequencies  and  i/s  are  the  wave  vec¬ 
tors.  In  (105),  we  assume  for  simplicity  that  both  waves 


are  5-polarized  and  the  medium  is  isotropic.  We  further 
assume  that  no  optical  rotation  is  present  in  the  material. 
A\  and  A2  are  the  amplitudes  and  are  taken  as  functions 
of  z  only  for  a  steady-state  situation.  The  z  axis  is  taken 
normal  to  the  surface  of  the  medium  (see  Fig.  9). 

In  the  Kerr  medium  (from  z  =  0  to  z  =  £),  these  two 
waves  generate  an  interference  pattern.  Such  a  pattern  is 
traveling  if  oj,  ^  W2.  This  interference  pattern  is  de¬ 
scribed  by  <  £^  >,  where  £  is  the  total  electric  field 


£  —  £)  -1  £2 

(106) 

and  the  averaging  is  taken  over  a  time  interval  T such  that 

WiT  »  1,  o>2T  »  1 

(107) 

and 

|u)2  —  ti)|  1  T  «  1. 

(108) 

Using  ( £^  > 

=  i  Re  [£*£]  and  (105)  and  (106) 

.  we  ob" 

tain 

(E-) 

r) 

(109) 

where 

3 

1 

3 

II 

c; 

(110) 

k=k2- 

(111) 

This  interference  pattern  [(109))  induces  a  volume  index 
grating  via  the  Kerr  effect.  In  general,  the  index  grating 
will  have  a  finite  phase  shift  relative  to  the  interference 
pattern  because  of  the  time-varying  nature  of  the  pattern. 
Thus,  we  can  generalize  (102)  and  write  the  index  of  re¬ 
fraction  including  the  fundamental  components  of  the 
Kerr-induced  grating  as 

n  =  -f-  c.c. } 

(112) 

where  both  <t>  and  txi  are  real  and  An„  is  a  uniform  change 
in  index.  Here  again  for  the  sake  of  simplicity  we  assume 
a  scalar  grating.  The  phase  <t)  indicates  the  degree  to  which 
the  index  grating  is  temporally  delayed  (or  spatially 
shifted)  with  respect  to  the  interference  pattern.  Generally 
speaking,  both  and  <t>  are  functions  of  0. 

Here.  ^2  exp  (id>)  can  be  regarded  as  a  complex  Ken- 
coefficient.  The  finite  phase  shift  is  a  result  of  the  finite 
response  of  the  material.  A  complex  Ken  coefficient  cor¬ 
responds  to  a  complex  third-order  nonlinear  optical  po¬ 
larizability.  It  is  known  that  the  imaginary  part  of  the 
third-order  nonlinear  optical  polarizability  is  responsible 
for  phenomena  such  as  stimulated  Brillouin  scattering  and 
stimulated  Raman  scattering  [3).  Thus,  we  expect  that  the 
complex  Ken  coefficient  induced  by  moving  gratings  will 
also  lead  to  energy  coupling  between  the  two  waves. 

To  illustrate  the  physical  origin  of  such  a  finite  phase 
shift,  we  will  now  examine  a  classical  model.  In  this 
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Fig.  9.  Schematic  drawing  of  Iwo-wave  mixing  in  Ken  media. 


model,  we  assume  that  the  formation  of  the  holographic 
grating  is  instantaneous  and  the  decay  constant  r  is  finite. 
When  the  two  waves  are  degenerate  in  frequency,  a 
steady-state  nonlinear  response  is  described  by  (102) 
without  phase  shift.  In  the  case  of  nondegenerate  two- 
wave  mixing,  the  intensity  fringe,  as  described  by  (109), 
is  moving  in  the  nonlinear  medium  at  a  constant  speed. 
The  Steady-Slate  value  of  the  self-induced  index  change 
must  be  derived  from  a  treatment  which  considers  the  fi¬ 
nite  response  time  of  the  medium  with  respect  to  the  dis¬ 
placement  speed.  Let  the  decay  of  index  change  be  ex¬ 
ponential,  then  the  steady-state  index  change  can  be 
written 

An--n2o(  df  (113) 

T  J  -o# 


We  now  write 

=  Ai  (117) 

where  and  ^2  arc  the  phases  of  the  amplitudes  Ay  and 
A^,  respectively.  Using  (116)  and  (117),  the  coupled 
equations  (116)  can  be  written  as 


and 


where 


d 

=  -ghh  -  a/i 

^h=glyh-ah  (118) 


13/, 


(119) 


_  2x 
*  “  X  cos  (6/2) 


n2  sin  d>. 


0  :S  6  <  t/2 


(120) 


15  « 


T 

X  cos (6/2) 


/I2  cos  4>- 


(121) 


where  n2o  is  the  value  of  index  change  for  the  degenerate 
case. 

Integration  of  (113)  yields  the  following  expression  for 
/i2exp(id)): 


>>12  exp(td»)  =  (114) 


Note  that  the  finite  phase  shift  is  related  to  the  motion  of 
the  intensity  pattern  relative  to  the  nonlinear  medium.  In 
addition  to  the  finite  phase  shift,  the  motion  of  the  fringe 
pattern  relative  to  the  medium  also  causes  the  index  mod¬ 
ulation  to  increase.  According  to  (1 12)  and  (1 14),  the  in¬ 
dex  grating  is  spatially  shifted  relative  to  the  intensity  pat¬ 
tern  by 

4.  =  -tan*' (tlr)  (115) 


where  we  recall  that  r  is  the  response  time  of  the  medium. 

I)  Codirectional  Two-Wave  Mixing:  Now,  by  using 
(1 12)  for  n  and  the  scalar  wave  equation  and  by  using  the 
parabolic  approximation  (i.e.,  slowly-varying  ampli¬ 
tudes),  we  can  derive  the  following  coupled  equations: 


-I 


u^n,n2 

2ky 


-i 


'  2k, 


e-'*|d2|'d, 
c'*|d||  Ai 


(116) 


where  we  assume  that  «2  =  w,  =  «.  and  k,  is  the  z  com- 
Donent  of  the  wave  vectors  (i.e.,  *,  =  cos  16  =  *j  cos 
i6).  The  parameter  6  is  the  angle  between  the  two  beams. 
In  (1 16),  we  have  neglected  the  term 


In  (1 18),  we  have  added  the  attenuation  term  due  to  bulk 
absorption.  The  parameter  a  is  the  absorption  coefficient. 
Note  that  beam  2  will  be  amplified,  provided  g/,  >  a, 
according  to  (1 18).  Also  notice  that  the  coupled  equations 
(1 18)  are  exactly  identical  to  those  of  the  stimulated  Bril- 
louin  scattering  and  stimulated  Raman  scattering.  Solu¬ 
tions  for  the  lossless  case  had  been  derived  by  previous 
workers  (2).  We  now  derive  the  solution  for  the  case  of 
lossy  nonlinear  medium.  Using  the  classical  model  men¬ 
tioned  above,  beam  2  will  gain  energy  from  beam  1,  pro¬ 
vided  that  the  phase  shift  4>  i$  positive.  Thus,  according 
to  (1 15),  the  low-frequency  beam  will  always  see  gain. 

The  coupled  equations  (118)  can  be  integrated  exactly, 
and  the  solution  is  (see  Appendix  B) 


/i(z)  =  /i(0) 


1  +  m~' 


1  -t-  m"'  exp 


^(l-e-«) 


(122) 


hiz)  =  A(0)  • 


1  +  m 


• 

1  +  m  exp 

^(l-e-)J 

e 


where  m  is  the  input  beam  ratio 


A(0) 

A(0) 


and  7  is  given  by 

>  =  «(A(0)  +  /2(0)]. 


(123) 

(124) 

(125) 
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Substituting  (122)  and  (123)  for/i  and  /j,  respectively, 
into  (119)  and  carrying  out  the  integrations,  we  obtain 


4'iiz)  -  ^i(O) 


=  -  log 
g 


1  +  m 


-I 


r 

1  -F  m"’  exp 

^(1  -e-«) 
a 

(126) 


and 


Mz)  -  MO) 


=  --log 
g 


(  « 

■F  m  ■] 

1  1  -F  m  exp 

^(1  -e-«)]] 
Lot 

Fig.  10.  Intensity  variation  with  respect  to  z  in  the  Kerr  medium. 


(127)  written 


Note  that  according  to  (126)  and  (127),  the  phases  of  the 
two  waves  arc  not  coupled.  In  other  words,  these  two 
waves  can  exchange  energy  without  any  phase  crosstalk. 
Such  a  phenomenon  has  been  known  in  stimulated  Raman 
scattering  for  some  time,  and  can  be  employed  to  pump  a 
clean  signal  beam  with  an  aberrated  beam.  Here,  the  re¬ 
sult  can  be  applied  to  more  cases,  including  forward  stim¬ 
ulated  Brillouin  scattering. 

If  we  neglect  absorption  (i.e.,  a  -  0),  then  /^(z)  is  an 
increasing  function  of  z  and  /|  (;)  is  a  decreasing  function 
of  z,  according  to  (122)  and  (123),  provided  y  is  positive. 
Transmitunce  for  both  waves  for  the  lossless  case,  ac¬ 
cording  to  (122)  and  (123),  is 

T  *  ^i(^)  ^  I  +  w~‘ 

‘  /i(0)  I  -F  m~'  exp  (yL) 

_  lz(L)  ^  I  -t-  m 
^  li(0)  I  -F  m  exp  (yL) 


where  m  is  the  incident  intensity  ratio  m  =  /|(0)//2(0). 
Note  that  Ti  >  I  and  Ti  <  I  for  positive  y.  The  sign  of 
y  is  determined  by  the  sign  of  rtj  and  the  phase  shift  <t>. 
Interestingly,  these  expressions  arc  formally  identical  to 
those  of  the  photorefractive  coupling.  The  major  differ¬ 
ence  is  that  the  y  for  Kerr  media  is  proponional  to  the 
toul  power  density  of  the  waves,  according  to  (125). 

Fig.  10  illustrates  the  intensity  variation  with  respect  to 
Z  for  the  case  when  g  =  10  cm/MW,  a  =  0.1  cm"'. 
/,(0)  =  100kW/cm^and/2(0)  =  I  kW/cm*.  Note  that 
even  with  the  presence  of  absorption,  the  intensity  of  beam 
2  increases  as  a  function  of  z  until  z  =  4,  where  the  gain 
equals  the  loss.  Beyond  z  =  /,,  the  intensities  of  both 
beams  are  decreasing  functions  of  z. 

Similar  results  were  obtained  earlier  by  other  workers 
in  a  study  of  stimulated  scattering  of  light  from  free  car¬ 
riers  in  semiconductors  (50). 

According  to  (114),  (115).  and  (120),  the  gain  coeffi¬ 
cient  g  is  a  function  of  the  frequency  detuning  and  can  be 


2y/i2o  -Qt 

^  X  cos  (5/2)  l+(nr)'  ^  ^ 

where  we  recall  that  0  =  uiy  -  w,  is  the  frequency  detun¬ 
ing  and  T  is  the  grating  decay  time  constant.  We  notice 
that  the  gain  coefficient  is  positive  for  the  beam  with  lower 
frequency  provided  that  rtiQ  is  positive.  Such  a  gain  coef¬ 
ficient  is  maximized  at  fir  =  i  1 .  Such  a  dependence  on 
frequency  detuning  can  be  used  to  measure  the  time  con¬ 
stant  T.  Some  experimental  works  will  be  discussed  in 
Section  IV-E. 

2)  Contradirectional  Two-Wavt  Mixing:  We  now  con¬ 
sider  the  case  of  contradirectional  two-wave  mixing  in 
which  beam  1  enters  the  medium  at  z  =  0,  and  beam  2 
enters  the  medium  at  z  =  f..  The  coupled-mode  equations 
for  the  beam  intensities  can  be  obtained  in  a  similar  man¬ 
ner  and  are  written 

-g/,/2  -  a/, 

-giJi  +  ah  (130) 

where  the  intensity  gain  coefficient  g  is  given  by 

»  ■  '  I'Ji) 

We  notice  a  slight  difference  between  the  two  cases  as 
compared  with  (120)  for  the  codirectional  coupling.  Here, 
we  recall  that  6  is  the  angle  between  the  positive  direction 
of  the  two  wave  vectors.  Thus,  for  codirectional  cou¬ 
pling,  the  angle  B  is  always  less  than  90*,  whereas  »/2 
<  5  <  »  for  the  contradirectional  coupling.  This  is  a 
result  of  the  boundary  condition  in  which  we  assume  that 
the  waves  and  the  medium  are  all  of  infinite  extent  in  a 
plane  perpendicular  to  the  z  axis. 

Solutions  of  ( 1 30)  for  the  case  of  lossless  medium  are 
given  by 
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Mil  =  I  -p 

/,(0)  1  -  pe-*"-' 

Mil  _  ‘  -p 

1,(0)  -  p 


(132) 


where  a  and  p  are  constants  and  are  related  to  the  inten¬ 
sities  at  z  B  0, 

/2(0) 

/)  ts  ■■ 

/|(0) 

a  = /,(0)  - /j(0).  (133) 

The  constant  a  may  be  regarded  as  the  net  power  flux 
through  the  medium. 

The  solutions  of  (132)  are  expressed  in  terms  of  /|(o) 
and  /jfO),  which  are  not  input  intensities.  In  the  contra- 
directional  coupling,  we  note  that  the  incident  intensities 
are  /|(0)  and  IjiL). 

For  interaction  L,  such  that  goL  »  1.  the  intensity 
growth  for  beam  2  is  exponential  and  is  given  by,  accord¬ 
ing  to  (124), 

/2(0)  =  Tf^e*^  (134) 

(1  ~ 

In  SBS,  /j(t)  is  virtually  zero  and  represents  intensity  of 
noises  or  scattered  light.  The  parameter  p  “  /a(0)//|(0) 
is  the  phase-conjugate  reflectivity  of  the  SBS  process.<'It 
is  always  less  than  unity  for  two  reasons.  First,  in  SBS 
there  is  no  beam  2  incident  at  z  «  £,;  therefore,  p  s  1  is 
required  by  the  conservation  of  energy.  Second,  the  ex¬ 
ponential  gain  per  unit  length  go  is  proportional  to  the 
power  throughput.  A  reflectivity  of  p  =  100  indicates  a 
zero  power  flux  and  consequently  zero  gain. 


B.  Electrostrictivt  Kerr  Effects 

The  Kerr  effect  arises  from  several  physical  phenom¬ 
ena.  These  include  molecular  orientation,  molecular  re¬ 
distribution.  third-order  nonlinear  polarizability  |3],  clec- 
trostriction,  and  thermal  changes.  In  liquids  such  as  CSj, 
contribution  to  the  Kerr  effect  is  dominated  by  ti»e  elec- 
trostriction. 

The  coupling  of  two  electromagnetic  waves  via  etec- 
trostriction  has  been  known  for  some  time  and  is  respon¬ 
sible  for  SBS.  Although  this  subject  has  been  studied  ex¬ 
tensively  (SI),  little  attention  has  been  paid  to  the 
‘•photorefractive"  nature  of  such  a  process,  which,  we 
believe,  can  provide  a  great  deal  of  insight  into  general¬ 
izing  the  SBS  process.  For  example,  there  exists  a  similar 
spatial  phase  shift  of  90*  between  the  induced  index  grat¬ 
ing  and  the  light  interference  pattern  in  conventional  SBS 
152).  Such  a  spatial  phase  shift  of  90*  is  responsible  for 
the  energy  exchange  between  the  incident  wave  and  the 
phase-conjugated  wave  in  SBS.  In  addition,  self-pumped 
phase  conjugation  in  BaTiOj  crysuts  |53).  (54)  is  very 
similar  to  the  phase  conjugation  in  SBS  (55).  (56)  The 
spatial  phase  shtfi  of  90*  can  be  utilized  in  other  SBS 
configurations  (e  g  .  injected  SBS  at  0  w  180*),  In  this 


section,  we  investigate  the  photoinduced  index  grating  in 
nondegenerate  two-wave  mixing  and  focus  our  attention 
on  the  complex  Kerr  coeflicient  and  the  spatial  phase  shift. 

Basic  equations  for  the  electrostrictive  coupling  be¬ 
tween  photons  and  phonons  have  been  formulated  and 
several  theoretical  papers  on  SBS  have  been  published 
(51).  Most  of  the  earlier  work  was  concentrated  on  back¬ 
ward-wave  coupling.  Very  little  attention  was  paid  to  co- 
directional  nondegenerate  two-wave  mixing.  The  mathe¬ 
matical  formulation  of  such  a  coupling  in  Kerr  media 
including  material  absorption  has  been  recently  solved  and 
is  described  in  Section  IV-A.  In  this  section,  we  focus  our 
attention  on  the  derivation  of  the  photoinduced  index  grat¬ 
ing  as  well  as  the  relation  between  the  photoelastic  coef¬ 
ficient  and  the  electrostrictive  consunt. 

The  electrostrictive  pressure  in  liquids  is  given  by 

p=-jy(£')  (135) 

where  <  E‘  >  is  the  time  average  of  the  varying  electric 
field  and  is  given  by  (109),  and  y  is  the  electrostrictive 
coefficient  which  is  defined  as 


y 


(136) 


where  p  is  the  density  and  <  is  the  dielectric  constant. 

As  a  result  of  the  electrostrictive  pressure  according  to 
(135)  and  (109),  a  density  wave  in  the  medium  is  gener¬ 
ated.  By  solving  the  isothermal  Navier-Stokes  equation 
(51)  we  obuin  the  complex  amplitude  of  the  induced  den¬ 
sity  wave  as 


dp  =  - 


1  K^y 

2  -  fii  -  ifir. 


Ai  Aie 


HOi-K- f  1 


(137) 


where  Og  may  be  regarded  as  the  resonance  phonon  fre¬ 
quency  and  is  given  by 

Q,  =  vA'  (138) 


with  V  as  the  velocity  of  the  acoustic  wave,  and  F*  is  the 
inverse  of  the  phonon  lifetime  and  is  given  by 

r,^nK'/p  (139) 


with  1)  as  the  viscosity  coeflicient. 

Using  d<  2n(odn  and  the  definition  of  the  electro- 
itrictive  coefficient  equation  (135),  we  obtain  the  linear 
relation  between  the  index  grating  and  the  density  wave 


An  «  ^  ( 1^0) 

2rtp<e 


Using  the  complex  number  representation,  the  induced 
index  change  can  be  written,  according  to  (112). 

An  •=  (141) 


Substituting  (141)  for  An  and  (137)  for  Ap  in  (140).  we 
obtain  the  following  expreuion  for  the  complex  Kerr  coef¬ 
ficient; 


njf 


4np<e(Q-  -  Qi  -  iOF,) 


(142) 
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Note  that  this  complex  Kerr  coefficient  is  a  function  of  the 
frequency  difference  between  the  two  waves.  At  reso¬ 
nance  n  =  ±Qb<  ffie  KcfT  coefficient  is  purely  imaginary, 
indicating  a  90°  phase  shift  between  the  index  grating  and 
the  intensity  pattern. 

The  complex  Kerr  coefficient  derived  above  is  different 
from  the  traditional  one  used  in  self-focusing  and  self- 
phase  modulation  as  described  in  [61].  The  Kerr  coeffi¬ 
cient  measured  in  those  experiments  may  be  regarded  as 
the  dc  Kerr  coefficient  and  is  related  to  that  of  (142)  by 
putting  0  =  0.  Such  a  dc  Kerr  coefficient  is  written 

nj(n  =  0)  =  7-h-  «  =  0  (143) 

4npv  <0 


where  we  recall  that  v  is  the  acoustic  velocity  and  p  is  the 
density.  At  resonance  (0  =  ±0^),  the  Kerr  coefficient 
becomes,  according  to  (142), 


4nprKo  [Pb/ 


<t>  =  ±r/2 


(144) 


where  the  sign  ±  depends  on  the  sign  of  0  = 

According  to  (120)  and  (144),  we  note  that  gain  coeffi¬ 
cient  g  is  positive  when  <  U).  In  other  words,  the 
beam  with  lower  frequency  always  gains. 

Notice  that  the  magnitude  of  the  Kerr  coefficient  at  res¬ 
onance  is  increased  by  a  factor  of 

a-^  (145) 

which  may  be  regarded  as  the  Q  parameter  of  the  acoustic 
oscillation. 

This  parameter  Q  depends  on  the  phonon  frequency  and 
thus  depends  on  the  angle  between  the  two  beams  at 
acoustic  resonance.  According  to  (138)  and  (139),  we  ob- 
uin 


Q  = 


(146) 


The  angular  dependence  is  now  obtained  by  using 


A:  =  2isin{e  (147) 


where  k  =  2*«/X  and  6  is  the  angle  subtended  by  the 
wave  vectors  of  the  beams  This  leads  to 


Q  » 


pv 


sin  \9 


which  can  also  be  wnticn 


Q  ~  Qua 


sin 


(148) 


(149) 


where  is  the  Q  parameter  for  backward  SttS  with  # 
«  t  For  liquids  such  as  CS. .  is  of  the  order  of  1()0 
This  parameter  increases  as  f  becotnes  smalt  and  can  teach 
as  high  as  10  000 

According  to  (144)  and  (149).  the  gam  coclticierus  at 


resonance  also  depend  on  the  angle  6  between  the  beams. 
For  contradirectional  coupling,  the  angular  dependence  is, 
according  to  (149),  (144),  and  (131), 


i 


Isas 


1 

(sin  ifl)^ 


(150) 


where  we  recall  that  r /2  <  6  <  r,  and  g^^s  is  (he  gain 
coefficient  at  6  =  ir,  and  is  given  by  (for  0  =  «2  “  «i  *= 
-Oa) 


SsBS 


2t  (Qb\ 

\  4npV\o  \Pj 


(151) 


For  codircctional  coupling,  the  angular  dependence  is 
given  by  [according  to  (149),  (144)  and  (120)] 


where  gsas  ‘s  given  by  (151)  and  0  is  less  than  x/2  but 
greater  than  0. 

We  note  that  the  gain  coefficient  g  increases  signifi¬ 
cantly  for  the  codircctional  case  as  0  decreases.  This  high 
gain  may  be  difficult  to  observe  because  the  phonons  gen¬ 
erated  by  two-wave  mixing  tend  to  walk  out  of  the  inter¬ 
action  region  and  thus  reduce  the  resonance  enhancement. 

The  clectrostrictive  Kerr  effect  and  the  photot'astic  ef¬ 
fect  are  very  similar  in  nature.  Both  are  related  to  the 
change  of  index  of  refraction  as  a  result  of  the  squeezing 
of  the  medium.  Consequently,  these  two  coefficients  are 
related.  Such  a  relationship  has  been  derived  [62]  and  is 
given  by 


= 


7  2 
»  toP 

4B 


(153) 


where  B  is  the  bulk  modulus,  p  is  the  photoclastic  coef¬ 
ficient  [1],  and  ft  is  the  index  of  refraction.  Using  the  fol¬ 
lowing  relation: 

B  ■=  pt’^  ( 154) 

where  p  is  the  mass  density  and  i*  is  the  acoustic  velocity . 
the  Ken  coefBcicnt  can  also  be  written 

n,  =  (155) 

Of 

n.  =  (156) 


where  At-  and  A/j  arc  the  acoustoopiic  hgurcs-of-merit  ( I], 


At- 


At, 


(157) 


C  Soultntaf  Optical  Bragg  Seattertng 
Acoustuoptic  Bragg  scattering  is  a  welt-known  phe- 
noRienon  and  has  been  widely  used  for  beam  steenng, 
beam  modulation .  frequency  shifting,  and  other  applica¬ 
tions  It  IS  a  physical  process  in  which  an  incident  laser 
beam  IS  scattered  from  an  acoustic  held  The  scattered 
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beam  is  shifted  in  frequency  by  an  amount  which  is  ex¬ 
actly  the  frequency  of  the  acoustic  field.  In  addition,  the 
scattered  beam  propagates  along  a  new  direction  which  is 
determined  by  the  Bragg  condition  (IJ. 

If  the  Bragg  cell  is  made  of  a  nonlinear  optical  medium, 
the  traveling  interference  pattern  formed  by  the  incident 
beam  and  the  scattered  beam  may  induce  a  volume  index 
grating.  Such  a  volume  index  grating  will  then  affect  the 
propagation  of  these  two  beams.  If  the  optical  nonlinear¬ 
ity  of  the  medium  is  due  to  the  electrostrictive  Kerr  effect, 
then  an  additional  sound  wave  can  be  generated  due  to  the 
two-beam  coupling.  This  additional  sound  wave  is  added 
to  the  applied  acoustic  field,  and  thus  enhances  the  dif¬ 
fraction  efficiency  under  appropriate  conditions. 

From  the  quantum  mechanical  point  of  view,  for  each 
photon  scattered,  there  is  one  phonon  generated  or  anni¬ 
hilated  depending  on  whether  the  frequency  is  down¬ 
shifted  or  upshifted.  In  the  case  of  frequency  downshift, 
there  is  one  phonon  generated  for  each  photon  scattered. 
Thus  the  number  of  generated  phonons  is  proportional  to 
the  scattered  intensity.  For  low  intensity  light,  these  ad¬ 
ditional  phonons  are  much  smaller  in  number  relative  to 
the  phonons  of  the  applied  acoustic  field.  However,  for 
high-intensity  laser  beams,  the  number  of  generated  pho¬ 
nons  can  be  much  larger  than  those  of  the  applied  acoustic 
field.  The  presence  of  these  additional  phonons  effec¬ 
tively  enhances  the  acoustic  field  and  thus  increases  the 
diffraction  efficiency. 

Both  acoustooptic  Bragg  Scattering  and  nondegenerate 
two-wave  mixing  in  Kerr  media  have  been  individually 
treated  by  previous  scientists  (IJ,  (40J.  In  addition,  the 
amplification  of  sound  waves  through  the  interaction  of 
two  laser  beams  with  different  frequencies  has  been  ob¬ 
served  experimentally  (63).  The  coupling  between  the 
Bragg  scattered  beam  and  the  incident  beam  due  to  Kerr 
effect  has  recently  been  studied  (64).  Such  coupling  leads 
to  nonlinear  optical  Bragg  scattering.  In  a  Bragg  cell  with 
a  low  acoustic  field,  the  diffraction  efficiency  may  be  low 
at  low  optical  intensity.  When  the  optical  intensity  is 
above  some  threshold,  the  phonon  regenerative  process 
leads  to  an  avalanche  in  which  all  the  photons  arc  dif¬ 
fracted.  Here,  we  describe  a  coupled-mode  theory  of  the 
nonlinear  optical  Bragg  scattering  in  Kerr  medta  An  ex¬ 
act  solution  is  obuined  for  the  nonlinear  diffraction  effi¬ 
ciency. 

Consider  the  nondegenerate  two-wave  mixing  in  the 
Bragg  cell  (see  Fig.  II).  If  an  acoustic  field  is  applied 
mh  that  the  wave  A,  is  generated  by  scattering  of  the 
incident  wave  Aj  from  the  sound  wave,  then  the  condition 
Q  «  ±  rfi:  is  automatically  utisfied  provide  that  the  wave 
A,  is  incident  along  a  direction  which  satisfies  the  Bragg 
condition.  Under  these  circumstances .  the  coupled-mode 
equations  that  govern  the  propagation  of  these  tw-o  waves 
in  the  medium  can  be  wruien 

-  -  lU.  (I5fi) 

•  |fMi|*di  -  ia'A,  (159) 


Fig.  It.  Schcmxlic  dnwing  of  nonlinear  Brau  «eancrin|  in  Kerr  media. 


where  «  is  the  Bragg  coupling  consunt  (1)  and  g  is  the 
Kerr  intensity  coupling  consunt  given  by  (120). 

Note  that  the  angle  6  is  twice  the  Bragg  angle  6gi2k  sin 
~  K).  The  phase  ^  is  either  -F90  or  -90*  depending 
on  the  sign  of  0  ■  oij  -  For  the  case  when  beam  2 
is  scattered  with  a  frequency  downshift  (as  shown  in  Fig. 
1 1),  the  phase  ^  is  -f  90*,  indicating  a  gain  for  beam  2. 
We  again  write 

d,  =  VAc-**  dj  =  (160) 

where  4'i  and  ^2  are  the  phases  of  the  amplitudes  At  and 
Aj,  respectively.  Using  (160),  the  coupled  equations  can 
be  written 

/|  -  lltift  =  -g/,/j  - 

n  -  2/2»^i  -  g/,/j  -  (161) 

respectively,  where  the  prime  indicates  a  differentiation 
with  respect  to  z. 

By  rewriting  «  as  «  exp  (  -id)  so  that « is  now  a  positive 
number  and  splitting  the  real  and  imaginary  parts,  we  ob- 
Uin 


A  *  -glih  -  2«>/AA  »m  A^ 

(162) 

A  “  xA A  ~  2*  >/AA 

(163) 

and 

't'\  »  «(A/A)*^*  Ai) 

(164) 

•=  .(/,/A)'^'cosAiI 

(163) 

where 

All  =  -  ift  ♦  • 

(166) 

These 

equations  are  very  simitar  to  those  that  describe 

mode  coupling  in  ting  laser  gyros  (65).  (66)  In  fact,  the 
relative  phase  between  the  waves  can  be  written,  accord¬ 
ing  to  (165).  (16^) 

All*  -  -  (A//,)*'")  eoi  AV  (167) 

which  is  similar  to  the  well-known  phase-coupling  cqua- 
tioiu  in  ring  laser  gyros.  In  our  case,  since  the  wave 
is  generated  by  Bragg  scattering  of  the  wave  A,  from  the 
acoustic  field,  it  b  legitimate  to  assume  that  the  phase  of 
b  connected  to  that  of  the  incident  wave  A, .  Thus 

Hi  -  »/2.  3f/2  (16S) 

arc  good  solutions  of  (167). 


126 

Cll269DD/eiw 


SC553&.FR 

i04 


Rockwell  International 

Science  Center 


Forf  =  0,  exact  solution  of  the  coupled  equations  (1S8) 
and  (159),  subject  to  the  boundary  condition  of  /<j(0)  = 
0,  yields  a  relative  shift  of  =  t/2.  We  will  take  this 
as  the  proper  solution  to  (167).  Substitution  of  Atp  =  t/2 
into  (162)  and  (163)  leads  to 

l[  -  -  Ik  yfKh 

I'l  =  gUi  -  iK^fi^i.  (169) 


The  coupled  equation  (169)  can  be  integrated  exactly, 
and  the  solution  is 

/,(2)  =  I  cos’  u 


/j(z)  =  /  sin’  u  (170) 


where  /  is  the  incident  intensity  at  z  =  0  (i.e.,  /|(z)  =  / 
and  liiz)  “  0  at  z  =  0),  and  u  is  given  by  (64) 


tan  u  = 


tan  (iczVl  -  V) 

V 1  —  6’  -  6  tan  («>/t  -  b^) 


(171) 


with 


4kL 


(172) 


tion  of  z  with  an  asymptotic  value  of  /j(z)  ®  I /lutz  = 
00.  Fort  <  -l,/j(z)  is  also  a  monotonically-increasing 
function  of  z  with  an  asymptotic  value  of  /jfz)  =  7/(26’ 
-  2by/b^  -  1)  at  z  *=  00.  Fig.  12  plots  the  intensity  of 
/](z)  as  a  function  z  at  various  values  of  b. 

We  now  examine  the  diffraction  efficiency  which  is  de¬ 
fined  as 


n 


I 


*=  sin’  u 


(173) 


as  a  function  of  intensity  /  (or  6)  for  a  given  Bragg  cou¬ 
pling  consunt  k  and  a  length  of  interaction  L.  Fig.  13 
plots  the  diffraction  efficiency  as  a  function  of  the  pa¬ 
rameter  b  for  various  values  of  kL.  We  note  that  for  b  > 
0  (or  g  >0)  the  diffraction  efficiency  i;  is  an  increasing 
function  of  intensity  and  can  reach  nearly  100  percent  at 
high  optical  intensities.  The  enhancement  in  the  diffrac¬ 
tion  efficiency  due  to  strong  Kerr  coupling  can  be  em¬ 
ployed  for  the  steering  of  high-power  lasers. 

When  b  »  1  and  bxL  »  1 ,  the  asymptotic  expres¬ 
sion  for  the  diffraction  efficiency  is,  according  to  (171) 
and  (173) 

1,  =  1  -  46’ exp  ( -4^Zi>).  (174) 


where  y  =  gl  and  L  is  the  length  of  interaction.  We  note 
that  6  is  a  dimensionless  parameter  which  is  the  ratio  of 
Kerr  coupling  to  Bragg  coupling.  Equation  (171)  is  valid 
for  all  values  of  6.  When  the  magnitude  of  6  becomes 
greater  than  I  (i.e.,  [61  >  1),  Vl  -  6*  becomes 
i  Vih’  -  I  and  un  «  v^l  -  6’  becomes  i  lanh  KZVP-^I. 
We  also  note  that  «  is  a  positive  number  as  defined  earlier. 
The  Kerr  coupling  constant  g  can  be  either  positive  or 
negative  depending  on  whether  the  frequency  of  beam  2 
is  downshifted  or  upshifted. 

We  now  examine  the  intensity  variation  with  respect  to 
z  for  various  values  of  6.  For  6  >  1.  /}(z)  reaches  its 
maximum  value  7  (100  percent  energy  transfer)  at  distance 
z  such  that  unh  ( «z  Vb^  -  I )  *  >/6’  -  I  /6.  Beyond  this 
point,  the  intensity  7}  ( z )  decreases  and  reaches  its  asymp¬ 
totic  value  of  7/ (26  (6  -  >/6’  -1)1  which  becomes  7 
when  6  approaches  infinity. 

For  6  ~  1 .  7;  ( z )  reaches  its  maximum  value  7  at  z  >= 
l/«.  Beyond  this  point,  the  intensity  7. ( z )  decreases  and 
teaches  its  asymptotic  value  of  7/2  at  z 
For  0s6<  l.7i(z)isa  periodic  fiinction  of  z  with 
aMximum  value  7  at  points  when  un  ( «z  •/{  -  6’ )  •= 
>/l  -  b’/b.  The  minimum  value  of  h{z)  is  sero.  which 
occurs  when  tan  (sz  >/l  -  6’ )  «  0.  Note  that  maximum 
or  minimum  occurs  when  7,/;  »  U 
For  -  I  <  6  <  0.  7>(z)  IS  also  a  periodic  function  of 

I  with  maximum value  7  at  poims  when  un 

(az>/l  -  6')  «  -  b'/b.  Compared  with  the  case  0 

£  6  <  1 ,  we  note  that  it  takes  a  longer  intcraciioo  length 
for  7>  to  reach  us  maximum  value  because  of  the  negative 
Kerr  coupling  Minimum^v|due  of  7>  <  z )  is  trro  which  also 
occurs  when  un  ( tz  s/l  -  6' )  »  0 
For  6  «>  -  1.  7,(z)  IS  a  moootooically  incfeastng  fuac- 


We  note  that  the  diffraction  efficiency  approaches  100 
percent  exponentially  at  large  6  (high  intensity).  When  6 
approaches  -<».  the  asymptotic  form  of  the  diffraction 
efficiency  is,  according  to  (171)  and  (173) 

,  =^{l  -2exp(-2x7.|6l)).  (175) 

According  to  (172)  and  (174),  for  small  cl,  high  dif¬ 
fraction  efficiency  occurs  when  yL  »  1  (or  glL  »  I ). 
which  corresponds  to  the  Kerr  regime.  However,  the  dif¬ 
fraction  efficiency  is  zero  when  «£  »  0,  according  to  (171) 
and  (173). 

At  6  =0,  (173)  reduces  to  a  =  sin’  «L.  which  is  the 
familiar  expression  of  the  Bragg  cell  diffraction  effi¬ 
ciency. 

For  such  nonlinear  Bragg  scattering  to  be  seen,  the  Kerr 
coupling  coiuunt  must  be  comparable  with  the  Bragg 
coupling  consunt.  Thus  the  parameter  6  must  be  of  the 
order  of  I  .  if  6  »  I  is  used  as  an  example,  the  Kerr  in¬ 
tensity  -coupling  constant  must  be 

g7  “  4«, 

We  now  take  a  Bragg  coupling  constaiu  of  s  ••  I  cm* ' 
as  an  example  and  use  a  nonlinear  medium  such  as  CSj . 
From  the  dau  available  in  (51).  the  Kerr  coupling  con- 
sunt  g  for  a  Bragg  angle  of  5*  (#  «  10*)  is  g  •=  1.5 
cm/MW,  and  the  radio  frequency  required  is  640  MHz 
Thus,  the  optical  intensity  needed  (or  observation  of  a  sig¬ 
nificant  nonlinearity  in  Bragg  scaiiering,  according  to  the 
above  condition,  is  approximately  2  7  MW /cm’. 

The  results  show  that  diffraction  efficicru'y  is  a  nonlin¬ 
ear  (unction  of  the  optical  imemiiy  and  can  be  greatly 
erdiaruzed  by  tacreasing  the  iruensity  of  the  optical  wave 
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VEH:  two-wave  MIXING  IN  NONLINEAR  MEDIA 


0  I  to 


fit  12-  iMCfttil)  vAhat)on  of  thf  scattered  beam  /j(;)  ai  a  funciton  o(  z 
for  vanoui  values  of  t. 


13  OttfaettoA  cl^teAC)  t  as  a  function  of  ikt  paramater  ^  for  var¬ 
ious  va^s  of  •! 

It  e«n  be  used  as  a  nonlinear  device  in  which  high-e(fi- 
ciency  diffraction  only  occurs  when  the  optical  intensity 
is  above  a  threshold. 

D.  SBS.  SR5.  and  Pkowrpactive  rwo-ttuiv  Muting 
Thus  far  we  have  discussed  two-wave  mixing  in  pho- 
lorefraciive  crystals  and  Kerr  media  In  photorefractive 
two-wave  miaing  the  frequency  difference  between  the 
two  beams  is  tero  or  small  (a  few  Hertz)  For  two- wave 
mtxing  in  Kerr  media  or  stimulated  Brillouin  scattering 
(SBS).  the  frequency  difference  can  be  as  large  as  a  few 
gigahc'.ti  Energy  exchange  between  two  beams  also  oc¬ 
curs  in  stimulated  Raman  scattering  (SKSi  (2]  ITie  fre¬ 
quency  difference  between  the  beams  in  Kanun  tcaitertng 
is  in  the  range  of  letaheru 

There  are  several  common  features  among  the  three 
types  of  two-wave  mt&tng  All  three  types  of  wave  mixing 
show  nonreciprocal  energy  exchange  without  phase  cross- 
tall  In  fact,  if  we  examine  their  coupled-mode  equations 
(15)  and  (116).  we  note  that  the  mathematical  formula¬ 
tions  arc  very  similar  A  fundamental  difference  exists  be¬ 
tween  these  types  of  two-wave  mixing  la  SIIS  and  SRS. 
the  gaiin  coeffuicnt  (12S)  is  proporiioiul  to  the  total  in 


Rockwell  International 

Sci«nce  Center 

tensity,  whereas  the  photorefractive  gxin  coefficient  is  in¬ 
dependent  of  the  intensity.  Thus,  for  high  power  appli¬ 
cations,  SBS  and  SRS  can  be  efficient  means  for  beam 
coupling.  In  addition,  the  frequencies  of  the  idler  wave 
are  very  different.  In  SRS,  the  idler  wave  Is  optical 
phonon.  In  SBS,  the  idler  wave  is  acoustic  phonon.  Also, 
in  photorefractive  two-wave  mixing,  the  idler  wave  is  a 
holographic  grating.  As  a  result  of  the  finite  frequency  of 
the  idler  wave,  the  coupled  waves  in  these  three  processes 
are  different  in  frequencies.  For  SBS  and  nondegenerate 
two-wave  mixing  in  photorefractive  media,  the  frequency 
difference  is  small  so  that  the  two  waves  propagate  at  vir¬ 
tually  the  same  speed.  In  SRS,  the  large  Stokes  shift  may 
lead  to  a  significant  difference  in  the  phase  velocity  of  the 
two  waves  due  to  dispersion.  This  may  result  in  a  phase 
mismatch  in  the  wave  coupling. 

The  coupled  equations  for  stimulated  Raman  scattering 
are  identical  to  those  of  the  stimulated  Brillouin  scatter¬ 
ing,  except  for  the  possibility  of  dispersion.  In  fact,  it  is 
known  that,  like  SBS,  SRS  also  exhibits  phase  conjuga¬ 
tion  (67).  The  energy  coupling  in  both  SBS  and  SRS  is 
due  to  the  imaginary  part  of  the  third-order  dielectric  sus¬ 
ceptibility  (2).  If  wc  examine  (10)  and  (13),  we  notice 
that  the  energy  coupling  in  photorefractive  crystal  is  due 
to  the  out-of-pha$c  term  of  the  index  grating.  This  spatial 
phase  shift  is  90*  in  crystals  such  as  BaTiOj,  which  op¬ 
erates  by  diffusion  only.  If  wc  interpret  the  idler  wave  in 
SBS  and  SRS  as  a  traveling  index  grating,  then  the  spatial 
phase  shift  is  also  exactly  90*  in  resonant  scattering  (see 
(U2)). 

In  view  of  the  above  discussion,  we  may  generalize  the 
meaning  of  photorefractive  effect  to  include  other  pKc- 
nomcna  such  as  the  Ken  effect.  In  other  words,  the  gen¬ 
eralized  photorefractive  effect  is  a  phenomenon  in  which 
a  change  of  the  index  of  refraction  is  induced  by  the  pres¬ 
ence  of  optical  beams.  Thus,  we  may  view  SBS  and  SRS 
as  nondegenerate  photorefractive  two-wave  mixing  in 
nonlinear  media. 

£.  Expfrimemtot  Murk 

It  was  shown  earlier  that  energy  transfer  in  two- wave 
mixing  requires  a  hnitc  spatial  phase  shift  between  the 
intensity  pattern  and  the  induced  index  grating.  In  Kerr 
media  where  the  response  is  local,  such  a  spatial  phase 
shift  can  be  induced  by  the  use  of  moving  graiingi  in  the 
medium  Thus,  energy  transfer  is  possible  in  nonde- 
generaie  two-wave  mixing  in  Kerr  media 

Although  the  concept  of  using  mos  mg  gratings  in  local 
media  for  the  energy  coupling  between  two  beams  had 
been  suggested  in  the  I970‘s  ('ll (-(■*91.  no  experimental 
tesuiu  were  reported  until  recently  In  t9$6.  a  steady 
transfer  of  energy  was  observed  in  a  two  wave  mixing 
expenment  in  atomic  sodium  vapK>t  (6$]  In  that  experi¬ 
ment.  a  Hash -pumped  dye  laser  wai  used  to  pump  a  cell 
of  sodium  vapor  that  was  inserted  into  a  ring  resorutor 
The  laser  frequency  was  detuned  slightly  from  the  sodium 
D  line  The  parametric  gam  due  to  the  two  wase  mixmg 
leads  lu  a  unidirectiotial  osciUatKia  m  a  ring  resonator 


12S 

CU2b(iDD/ejw 


SC5538.fr 

S06 

The  frequency  of  the  oscillating  beam  in  the  ring  reso¬ 
nator  was  measured  and  was  found  to  be  lower  than  that 
of  the  pump  beam.  In  a  later  experiment  using  a  CW  dye 
laser,  a  frequency  shift  of  several  MHz's  was  measured 
(69).  The  frequency  shift  agrees  with  our  theoretical  re¬ 
sult  (see  (120)  and  (tIS)],  which  indicates  that  the  low- 
frequency  beam  gets  amplified  when  the  Kerr  coefficient 
is  positive.  By  tuning  the  frequency  of  the  dye  laser  to  the 
other  side  of  the  D  line,  an  opposite  sign  of  the  frequency 
shift  wax  observed.  This  indicates  the  revene  of  sign  of 
the  Kerr  coefficient  at  this  new  frequency.  In  addition,  the 
frequency  of  oscillation  and  the  intensity  of  oscillation  arc 
functions  of  the  cavity  length.  Oscillation  ceases  at  cavity 
lengths  when  the  frequency  shifts  arc  less  than  8  or  more 
than  50  MHz.  Similar  observations  on  the  dependence  on 
cavity  length  were  found  in  photorcfractive  unidirectional 
ring  resonators  (70),  (71). 

In  a  two-wave  mixing  experiment,  a  fluorescent-doped 
boric  acid  glass  is  used  as  the  nonlinear  material  (72).  In 
this  expcrin.cnt,  a  frequency  shift  of  0. 1  Hz  was  induced 
by  reflecting  one  of  the  beams  off  a  mirror  that  was  trans¬ 
lated  at  a  constant  velocity  by  a  piezoelectric  transducer 
(PZT).  By  varying  the  frequency  difference  between  the 
beams  and  monitoring  the  change  in  intensity  of  the  probe 
beam,  a  time  constant  of  100  ms  was  measured.  In  a  sim¬ 
itar  expenment,  a  ruby  crystal  is  used  as  the  nonlinear 
medium  (73).  Energy  coupling  at  a  frequency  shift  of  up 
to  500  Hz  was  observed.  A  time  constant  of  3.4  ms  was 
determined  by  measuring  the  probe  intensity  at  various 
frequency  shifts.  In  addition,  a  net  gam  (exceeding  the 
absorption  and  reflection  loss)  of  more  than  50  percent 
was  observed 

Recently .  energy  transfer  between  two  coherent  beams 
in  liquid  crystals  has  been  observed  by  several  workers 
(74).  I'he  energy  exchange  is  due  to  the  thin  holograms 
in  the  medium.  In  these  conflgurations.  the  scattering  of 
light  by  the  induced  grating  is  in  the  Raman-Natt.  regime 
due  to  the  small  interaction  length  The  presence  of  higher 
order  scattering  terms  results  in  a  multiwavc  mixing  that 
leads  to  the  energy  transfer  troiin  the  strong  beam  to  the 
weak  beam  If  the  interaction  length  i>  itwreased.  the  cn 
erg)  transfer  will  decrease  because  the  interaction  will  be 
in  the  Bragg  regime 


V  Ar-n.iCAtto.vs 

The  photoreftactive  coupling  of  two  wascs  in  elec 
trooptic  crystals  has  a  wide  range  of  aptiUcattoas  These 
include  real-time  holography,  self-pumped  phase  conju 
gatioR  (53).  ring  resonators  (54).  (70).  (M).  (75).  laser 
gyros  (72).  nontcctprocal  transmission  |7h).  image  am 
nlihcatton  (20).  sibtatiotial  analysis  (77).  and  image  pro 
cessing  (78),  (7'iri.  etc  Some  ot  these  appluattoas  wiU  be 
discussed  in  this  section 

A  /*h»Vor«yra»  ri » r  Aoonutorj 

the  coheretti  iignal  bcatn  amptifKaiion  in  two  wa»e 
mixing  can  be  used  to  provide  parametric  gain  for  unidi 
rrctional  oscillation  in  ring  resonators  Such  osciUation 
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has  been  observed  by  using  a  BaTi03  crystal  pumped  with 
an  argon  ion  or  a  HeNe  laser  (54).  Unlike  the  conven¬ 
tional  gain  medium  (e.g.,  He-Ne),  the  gain  bandwidth  of 
photorefractive  two-wave  mixing  is  very  narrow  (a  few 
hertz's  for  BaTiOj;  see  also  Fig.  4).  Despite  this  fact,  the 
ring  resonator  can  still  oscillate  over  a  large  range  of  cav¬ 
ity  detuning.  This  phenomenon  was  not  well  understood 
until  a  theory  of  photoreftactive  phase  shift  was  devel¬ 
oped  (70).  The  theory  shows  that  oscillation  can  occur  at 
almost  any  cavity  length  despite  the  narrow-band  nature 
of  two- wave  mixing  gain,  provided  the  coupling  is  strong 
enough.  Such  a  theory  is  later  verified  experimentally  by 
studying  the  frequency  of  unidirectional  ring  oscillation 
at  various  cavity  detunings  (71). 

Referring  to  Fig.  14,  we  now  investigate  the  oscillation 
of  a  ring  resonator  in  which  a  photoreftactive  crystal  is 
inserted.  Let  us  focus  our  attention  on  the  region  occupied 
by  the  photoreftactive  crystal  and  examine  the  gain  due 
to  two-wave  mixing.  The  results  of  nondcgeneraie  two- 
wave  mixing  derived  in  Section  H-C  can  be  used  to  ex¬ 
plain  the  ring  oscillation. 

In  a  conventional  ring  resonator,  the  oscillation  occurs 
at  those  frequencies 


/  =  /.  +  (176) 

which  lie  within  the  gain  curve  of  the  laser  medium  (e.g., 
He-Nc).  Here,  S  is  the  effective  length  of  a  complete  loop, 
/,  is  a  constant,  and  S  is  an  integer.  For  5  s  30  cm.  these 
frequencies  (176)  arc  separated  by  the  mode  spacing  efS 
i  1  GHz.  Since  the  width  of  the  gain  curve  for  the  con- 
vemional  gam  medium  is  ty  pically  several  GHz  due  prin¬ 
cipally  to  Doppler  broadening,  oscillation  can  occur  at 
almost  any  cavity  length  5  On  the  contrary,  if  the  band¬ 
width  of  the  gain  curve  is  narrower  than  the  mode  spacing 
r/ S,  then  oscillation  can  sustain,  provided  the  cavity  loop 
b  kept  at  the  approprutc  length 
Unlike  the  conventional  gam  medium,  the  bandwidth 
of  photorcfractive  two-wave  mtxmg  is  very  narrow .  Using 
photorefractive  crystals  that  operate  by  diffusion  only . 
e  g  ,  BaTiO),  the  coupling  constant  can  be  written,  ac¬ 
cording  to  (48 1 


7  -  -  (177) 

1  »  (Ui) 

wheie  IS  the  coupling  constant  for  the  case  ol  degen 
crate  iwco  wave  mixing  1 1  e  .  11  *-  w/..  -  w,  -  0>  and  is 
given  by 


4f  Ajv. 

X  cos  (d,  2) 


I  175) 


the  parametric  two  wave  tmxmg  gam  is  given  by.  ac 
curding  to  (50i 
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where  wc  recall  that  m  is  the  input  beam  ratio  m  ■ 
/,(0)//)(0)  and  L  is  the  (en^th  of  imeraction.  Note  that 
amplifier ’ion  (  e  >  1 )  is  possible  only  when  y  >  a  and 
M  >  ( I  -  e**^)/(<**^  -  Also  note  that  f  is  an 

increasing  function  of  m  (i.e..  ^  0)  and  f  is  an 

increasing  functioa  of  L,  provided  y  >  o  and 


t  S  -  In 


m{y  -  a)1 


(1*0) 


Fi(  IS.  aS»M  tktt)  «>  *  W  O.  tor  «»nout 

«ahM>  »l  m 


where  is  the  additional  phase  shift  due  to  photorefrac- 
live  couptint,  the  intepration  is  over  a  round'trip  beam 
path,  the  parameter  /f  is  the  product  of  the  mirror  reftec- 
tivities.  and  g  is  the  panmetric  fain  of  (179). 

If  we  define  a  cavity  detuning  parameur  AF  as 

Ar-2A"*-j*dj  (l*» 

where  N‘  is  an  integer  chosen  in  such  a  way  that  AF  lies 
between  -«  and  w*,  then  the  osciUatioo  condition  (III) 
can  be  written 


The  gain  as  a  (unction  of  frequency  nij  (or  equivalently 
as  a  function  of  Q  >  «vi  -  wi).  has  been  plotted  in  Fig. 
4  for  various  values  of  m.  Note  Out  gain  is  significant 
only  when  |  -  W|  |  r  <  I .  For  matcriais  such  as  BaTiO) 

and  SUN.  r  is  between  1  and  0. 1  a.  Thus,  the  gain  band¬ 
width  is  only  a  few  heru.  la  spite  of  such  an  extremely 
narrow  bandwidth,  unidirectional  oscUlatimt  can  still  be 
observed  easily  at  “any"  cavity  length  in  ring  resonators 
using  Bali^  crystals  as  the  photorefractivc  medium. 
Such  a  phenomenon  can  be  explained  in  tenns  of  the  ad¬ 
ditional  phase  shift  ((24)  and  (25))  introduced  by  the  pho- 
torefractivc  coupling.  This  phase  shift  ts  a  functioa  of  the 
oscillation  frequency  and  is  plotted  in  Fig.  15  ns  a  (unc¬ 
tion  of  Dr.  For  BaTtO)  crystals  with  >  4*.  this  phase 
shift  can  vary  (tom  -  «  to  ♦  t  for  a  frequency  drift  of 
Afif  *  i  I  Such  a  phase  shift  is  (responsible  for  the  os- 
ctllatson  of  the  nng  resonator  which  requires  a  round-trip 
phase  shift  of  nn  integer  tunes  2f . 

H  OteitLttio*  CandtrioNi  Wc  now  examine  the 
boundary  condmons  appropriate  to  a  unidircctsonat  ring 
oscillator.  At  steady -sute  oscillation,  the  clectitc  field 
mutt  reproduce  itself,  both  in  phase  and  intensity,  niter 
each  found-inp  In  ether  words,  the  oscillation  conditions 
can  be  written 


At^  «  AF  w  2JdT  (114) 

where  fif  is  an  imeget.  In  other  words,  oscillation  can  be 
achieved  only  w-hen  the  cavity  detuning  can  he  eompen- 
lated  by  the  photorefractivc  phase  shift. 

Equations  (Itl)  and  (tt2)  Ruy  be  used  to  solve  for  the 
two  unknown  quantities  m  *  /,(0)//)(0)xndQ  •  wj  - 
W|.  If  wc  fia  the  pump  intensity  /|(0)  and  the  pump  fre¬ 
quency  wt.  then  (1*1)  and  (112)  can  be  sotv^  for  the 
oscillation  frequency  W}  and  the  oscillation  iiMensiiy 
/}(0).  Substituting  (179)  for  g  in  (IS2)  and  using  (25). 
we  obtain 


At; 


--  to(Rc 

> 


(1*5) 


This  equatioa  can  now  be  useo  to  solve  (or  the  osciUatioa 
frequency  Qr  For  ih«  case  of  pure  diffusion,  using  (46> 
(or  du  */2  and  (19)  and  (2D),  we  obtain  from  (lk5) 


Of  • 


2At; 

ot  -  In  A 


2(Ar  o  lUt) 
ut  -  teit 


(l*b) 


where  AF  is  the  cavity  detuning  and  ts  given  by  (IS5) 
Substituting  (ITV)  for  g  m  ( tS2).  wc  enn  solve  for  m  and 
ebtain 


nnd 


Ai  *  I  1  rfi  »  2A‘a 


gJf  •  1 


(III) 


(1*2) 


A(0) 

f.(0) 


l  -  Be  • 
Re  -*  -  e' 


*1*7) 


Smee  m  must  be  positive,  wc  obtain  from  (tt7)  the 
threshold  condition  (or  oseiHation 
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•yi  >  y,i  ■  oL  -  In  ^  (IM) 


where  y,  is  the  threshold  panmetric  gain  consunt.  Since 
y  is  a  function  of  frequency  Q.  (ItS)  dictates  that  the  par¬ 
ametric  gain  is  above  threshold  only  in  a  ftnite  spectral 
tegime.  Using  (177)  for  y,  (IIS)  becomes 


|Orl< 


7»^ 

a/.  -  In  X 


(119) 


where  we  recall  that  y,  is  the  parametric  gain  at  Q  >  wj 
-  w,  -  0.  Equation  (119)  defines  the  spectral  regime 
where  the  parametric  gain  y  is  above  threshold  ( i.e..  y  > 
7.) 

We  have  thus  far  obtained  eapressioiu  for  the  oscilla¬ 
tion  frequency  ((lt6)|  and  the  spectral  regime  where  the 
gain  is  above  threshold.  The  ring  resonator  will  oscillate 
only  when  the  oscillation  frequeitcy  falls  within  this  spec¬ 
tral  region.  The  oscillation  frequency  >  W|  -f  Q  is 
determined  by  (I Id),  with  AT  being  the  cavity  detuning 
(113). 

The  same  oscillation  frequency  must  also  satisfy  (119). 
Thus,  we  obtain  the  following  oscillation  condition; 


nl  -  la  X 


y»f- 

al  -  In  X 


(190) 


which  can  also  be  written 


Rs  IS.  OKitUUM  iautaity  u  a  Uuteue*  of  caoujt  dantainf  Or  ter  var- 
iowa  «ahict  ol  y.L. 


optical  phase  reproduces  itself  ( to  within  an  integer  mul¬ 
tiple  of  2t  ).  The  condition  on  phase  is  unique  because  of 
a  significant  contribution  to  the  optical  phase  shift  due  to 
non^generate  photorefractive  two-wave  mixing.  This 
condition  is  satished  at  any  cavity  length  if  the  oscillation 
frequency  is  slightly  detuned  from  the  pump  frequency, 
since  the  photorefractive  phase  shift  Uld3))  depends  on 
the  detuning.  The  frequency  difference  Q  ( ■•  4i»j  -  wt) 
between  the  pumping  and  oscillating  beams  can  be  written 


y^L  >  rL  * Wf  •  C,L  (191) 

y.t 

where  y,  is  the  threshold  parametric  gain  of  (IIS)  for  the 
case  when  «  0.  and  G,  nuy  be  considered  as  the 
threshold  gain  for  the  ease  when  A\)  u  0.  According  to 
(191),  the  threshold  gain  increases  at  a  function  of  the 
cavity  detuning  AT.  The  cavity  detutting  AP  not  only  de- 
tenuines  the  oscillatioo  frequency  ((ltd)),  but  also  the 
threshold  gain  G,. 

The  AP  in  ()h3)  is  the  cavity  detuning  and  is  defined 
between  -v  and  v.  Howeve.r.  the  photorefractive  phase 
shift  (23)  can  be  greater  than  v .  When  this  happens,  the 
unidirectionat  rtng  resonator  may  oscillate  at  more  iha». 
one  frequency .  These  frequencies  are  given  by  (lid),  with 
fif  »  0.  1 1 .  i  2.  ‘  *  -  .  etc. .  and  with  their  corTcspoadiag 
threshold  gain  given  by 

G.L  «  y.t  ♦  ^  (2(A,;  V  2Afe)f  (192) 
y.t 

In  other  words,  tot  each  cavity  detuning  AP.  the  ting  res¬ 
onator  can  support  multimode  oscillation,  provided  the 
coupling  constant  y,  ts  targe  enough  Ptg  Id  shows  the 
oscillation  inteastty.  as  well  as  the  oscillatioa  frequency 
as  (unctioto  of  cavity  detuning  AP  Note  that  for  larger 
y,L.  the  resonator  can  oscillate  at  almost  any  cavity  de¬ 
tuning  AP.  whereas  for  small  y,L,  oscillation  occurs  only 
when  the  cavity  detuning  u  limitoj  to  some  small  region 
around  AP  0 

In  summary .  nag  otctllatioa  occurs  when  the  two-wave 
mixing  gam  dominates  cavay  losses  and  the  ruund-mp 


0  -  (2(AP  +  2Afr)/T4l  (193) 

where  AP  is  the  cavity-length  detuning  with  respect  to  an 
integer  multiple  of  optical  pump  waves  in  the  cavity.  M 
is  an  integer,  r  is  the  photerefraettve  time  response,  and 
A  represents  the  total  cavity  loss.  There  are  threshold  con¬ 
ditions  for  oscilbtion  involving  cavity  loss  and  gain  (tak¬ 
ing  Af  to  be  zero); 

|Ql  s  (i/r)(yL/A  -  l)'^  (IW) 

lAPl  S  (A/2)(yt/A  -  1)*'*  (195) 

where  y  is  the  degenerate  two- wave  mixing  coupling  coef¬ 
ficient.  i.  is  the  interaction  length,  and  A  •*  -  In  (XT.T^) 
(with  X  being  the  product  of  the  rcfiectiviiies  of  the  cavity 
minors  and  output  coupler.  T,  u  the  transmisston  through 
the  photorefractive  crystal  accounting  for  the  absorption. 
FrcsiwI  reflections,  and  scattering  (or  beam  fanning i;  and 
T,  is  the  effective  transmission  through  the  ptnhole  aper¬ 
ture) 

This  theory  predicts  that  the  unidtrect^snal  ring  reso¬ 
nator  wilt  oscillate  at  a  frequency  different  from  the  pump 
frequency  by  an  amount  directly  proportional  to  the  cav  - 
ily-lengih  detuning  Furthermore,  in  a  photorefractive 
material  with  moderately  low  r.  the  theory  postulates  a 
threshold  where  osctllatton  will  cease  if  the  cavity  detun¬ 
ing  (frequency  difference)  becomes  too  large  Such  a  the¬ 
ory  has  been  validated  cxpcnmeotally  in  a  UaTiO)  pho- 
loreftactive  nng  resonator  (71) 

The  expenmeats  performed  lo  esaminc  the  above  the¬ 
ory  will  now  be  discussed  in  deuii  Fig  17  shows  the 
cxpcnmerual  setup  A  single-mode  argon-ioo  laser  (514.5 
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Fig.  17.  Opiical  seiup  for  the  phoiorefraciive  unidirectional  ting  resonator 
with  variable  caviiy  length  The  beat  frequency  between  the  self-oscil¬ 
lation  and  pump  beams  is  derived  from  the  motion  of  the  inierferograms 
at  Dj  or  D,  (71). 

nm)  is  used  to  pump  a  BaTiOy  crystal  which  is  inseited 
into  a  ring  resonator.  Two- wave  mixing  in  BaTiOj  pro¬ 
vides  the  parametric  gain  needed  for  the  oscillation  in  the 
unidirectional  ring  cavity,  formed  by  two  planar  mirrors 
{Mi  and  Wj)  and  a  planar  beam  splitter  (BSy).  The  os¬ 
cillation  beam  in  the  ring-cavity  is  sampled  through  the 
output  coupler  BSy,  its  intensity  being  detected  atD,  while 
the  beat  frequency  between  it  and  the  pumping  beam  is 
determined  using  complementary  fringe  patterns  formed 
at  detectors  Di  and  Dy.  Without  a  ring-cavity  pinhole  ap¬ 
erture,  unidirectional  oscillation  can  be  observed  at  any 
cavity  length.  However,  dynamically  unstable  multiple 
spatial  modes  are  evident  [80],  [81]  in  the  fringe  patterns 
at  Dj  and  Dy.  To  obtain  a  single  mode  (and  clean  fringe 
patterns),  a  200  /im  pinhole  is  placed  in  the  ring  cavity. 
The  basic  premises  of  the  theory  [70]  are  verified  by 
slowly  ramping  the  PZT  voltage  and  observing  the  beat 
frequency,  along  with  the  ring-cavity  oscillation  inten¬ 
sity.  Typical  results  are  shown  in  Fig.  18(a)  for  an  80  mW 
pump  beam  incident  at  40°  from  the  c  axis  of  BaTiOy  and 
at  20°  from  the  oscillating  beam  (both  angles  are  external 
in  air). 

The  intensity  of  the  unidirectional  oscillation  versus 
cavity  length  [Fig.  18(a)]  indicates  threshold  gain  condi¬ 
tions  ((194)  and  (195)].  The  beat  frequency  between  os¬ 
cillating  and  pumping  beams,  as  observed  in  the  time 
variation  of  the  fringe-pattern  intensity  [Fig.  18(a)], 
clearly  corresponds  to  the  position  of  the  PZT  -  Af,. 
When  Mi  is  exactly  at  the  correct  position  (chosen  as  the 
origin),  the  fringe  pattern  is  stationary,  i.e.,  there  is  no 
frequency  shift.  As  M|  moves  away  from  this  origin,  the 
fringe  motion  becomes  faster  and  the  frequency  difference 
increases.  Fig.  18(b)  shows  the  linear  dependence  of  the 
frequency  difference  on  cavity  detuning  with  the  ramping 
period  equal  to  20  000  s  for  improved  resolution. 


Fig.  18.  Characteristics  of  the  unidirectional  self-oscilUiion  as  a  function 
of  ring-cavity  length  (i.e..  PZT  voluge  or  cavity  detuning,  where  100 
percent  implies  a  detuning  of  one  full  optical  wave):  (a)  ring-cavity  in¬ 
tensity  (right)  and  beat-frequency  signature  (left);  (b)  frequency  differ¬ 
ence  between  the  self-oscillation  and  the  pumping  beam  (71). 

The  frequency  difference  changes  sign  as  Af,  slowly 
moves  through  the  origin.  The  observed  sign  is  consistent 
with  the  sign  of  the  phase  shift  between  the  light  intensity 
pattern  and  index  modulation  that  determines  the  direc¬ 
tion  of  energy  exchange  in  two-wave  mixing.  The  beat- 
frequency  signature  [Fig.  18(a)]  is  also  a  periodic  func¬ 
tion  of  FZT  mirror  position.  The  observed  beat-frequency 
signature  reproduces  itself  with  a  Afj  displacement  of 
every  -X/2,  as  expected  (i.e.,  a  cavity  length  detuning 
periodicity  of  X).  Experimentally,  the  frequency  thresh¬ 
old  for  oscillation  is  approximately  a  linear  function  of 
the  pumping-beam  intensity,  as  shown  in  Fig.  19(a).  Ac¬ 
cording  to  Fig.  18(a),  this  frequency  threshold  is  in¬ 
versely  proportional  to  r,  but  t  can  be  approximately  pro¬ 
portional  to  the  inverse  of  the  pump  intensity  (assuming 
that  the  cavity  intensity  is  negligible  by  comparison)  when 
the  photoconductivities  dominate  [82].  Therefore,  the  ob¬ 
served  dependence  [Fig.  19(a)]  agrees  with  theory. 

The  oscillation  conditions  for  the  unidirectional  ring 
resonator  are  dependent  on  the  two-wave  mixi  g  gain 
(yL)  in  the  photorefractive  medium.  yL  is  varied  by  ro¬ 
tating  the  BaTiOj  crystal  with  respect  to  the  pumping  and 
oscillating  beams  [83].  When  the  gain  is  too  small,  no 
unidirectional  oscillation  is  observed,  regardless  of  ring- 
cavity  length.  For  yL  just  above  threshold,  two  pro¬ 
nounced  differences  are  evident,  contrasting  with  yL 
large.  First,  the  amount  of  cavity  detuning  that  is  accom¬ 
modated  before  oscillation  ceases  is  greatly  reduced.  Sec¬ 
ond,  the  maximum  frequency  difference  between  the 
pumping  and  oscillating  beams  is  much  less.  The  quan¬ 
titative  trends  of  these  two  effects  are  given  in  Fig.  i9(b) 
for  a  pump  power  of  80  mW. 

The  threshold  oscillation  conditions  given  in  expres¬ 
sions  (194)  and  (195)  agree  with  the  data  [Fig.  19(b)]. 
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Fig.  19.  Oscillation  ihrcshold  behavior  for  the  unidirectionil  ring  resona- 
lori  (a)  maaimum  beat  frenuency  as  a  function  of  pumping-beam  or  ring- 
cavity  power  along  with  a  linear  fit  (solid-line);  (b)  maximum  beat  fre¬ 
quency  (left)  and  cavity  detuning  (right)  as  a  function  of  two-wave  mix¬ 
ing  gain  yL.  where  yL  is  related  to  the  external  angle  that  the  pumping 
beam  makes  the  crystal’s  c  axis  as  shown  (top  scale).  Note:  the  two  solid 
curves  in  (b)  correspond  to  the  evaluation  of  (194)  and  (195)  as  described 
in  text  |71]. 

The  solid  curve  associated  with  the  left-hand  scale  of  Fig. 
19(b)  is  generated  from  (194)  for/4  =  5.1  and  r  =  0.53 
s.  This  cavity-loss  factor  A  is  estimated  independently 
from  R  X  0.99  x  0.91  x  0.81  (for  My,  and  BSy, 
respectively),  T,  =  0.52,  and  =  0.016  (for  a  cavity 
length  of  50  cm).  Accumulating  these  contributions  gives 
d  =  5.2.  in  excellent  agreement  with  the  observed  5.1. 
The  right-hand  scale  of  Fig.  19(b)  shows  the  dependence 
of  threshold  cavity  detuning  (i.e.,  the  maximum  detuning 
ihat  will  still  support  self-oscillation)  on  yL,  along  with 
the  prediction  from  (195),  where  AF  is  normalized  by  2r. 
cmarkable  agreement  is  obtained  using  /4  =  5.1  from 
no  adjustable  parameters. 

h  J  •'’•'’■dependence  of  the  optical  cavity  length  and 
'  cat  frequency  between  the  oscillating  and  pumping 
rh^cTe*  **  ^  general  property  of  photorefractive  resonators, 
’■fsult.s  are  not  unique  to  the  optical  setup  shown  in 


Fig.  17.  Similar  behavior  is  observed  with  other  config¬ 
urations.  First,  the  orientation  of  the  BaTiOy  crystal  in 
Fig.  17  can  be  altered  so  that  the  pumping  and  oscillating 
beams  enter  the  a  face  but  in  such  a  way  that  no  self¬ 
pumping  occurs  (53).  Second,  the  BaTiOy  can  be  replaced 
by  crystals  of  strontium  barium  niobate  [84],  [85]  (nomi¬ 
nally  undoped  and  cerium  doped).  Third,  a  linear  reso¬ 
nator  (Fig.  20)  can  act  as  a  self-pumped  phase  conjugator 
[54].  The  observed  frequency  shift  of  the  phase-conjugate 
beam  is  exactly  twice  that  of  the  self-oscillation,  which  is 
necessary  to  satisfy  energy  conservation  for  slightly-non- 
degenerate  four-wave  mixing  [86].  In  all  three  variations, 
the  measured  frequency  differences  correlate  with  cavity 
length  detuning;  results  equivalent  to  those  shown  in  Fig. 
18  are  obtained. 

In  summary,  the  experimental  results  indicate  that  the 
frequency  difference  between  the  oscillating  and  pumping 
beams  in  the  unidirectional  ring  resonator  depends  on  the 
optical  cavity  length.  This  dependence  supports  the  the- 
oty  [70]  that  uses  a  photorefractive  phase  shift  associated 
with  slightly-nondegcnerate  two-wave  mixing  to  satisfy 
the  round-trip  phase-oscillation  condition  for  the  reso¬ 
nating  beam.  Similarly,  the  observed  frequency  shifts  in 
other  photorefractive  resonators,  including  self-pumped 
phase  conjugators,  may  also  be  explained  by  the  same 
mechanism.  This  is  the  subject  of  the  next  section. 

B.  Resonator  Model  of  Self-Pumped  Phase  Conjugators 

The  theory  of  unidirectional  photorefractive  ring  reso¬ 
nators  described  in  the  previous  section  can  be  extended 
to  explain  the  phenomenon  of  self-pumped  phase  conju¬ 
gation  using  BaTi03  crystals  (sometimes  referred  to  as  the 
cat  mirror  [53]).  It  is  known  that  optical  four-wave  mix¬ 
ing  can  be  used  to  generate  phase  conjugated  waves.  In 
self-pumped  phase  conjugation,  no  counterpropagating 
beams  are  supplied  externally  to  provide  the  pumps 
needed  in  the  four-wave  mixing  process.  Ih  addition,  self- 
pumped  phase  conjugators  using  photorefractive  crystals 
such  as  BaTi03  have  received  considerable  attention  be¬ 
cause  of  the  relatively  high  reflectivities  (e.g.,  30-50  per¬ 
cent)  that  can  be  easily  achieved  even  with  low-power 
lasers  [53],  [54],  [87].  There  have  been  several  models 
developed  for  the  self-pumped  phase  conjugation  inside 
BaTi03  crystals.  These  include  backscattering  via  2-k 
gratings  [55],  [56],  two  coupled  interaction  regions  [57], 
enhanced  coupling  via  frequency-shifted  waves  [58], 
time-dependent  four-wave  mixing  [59],  and  photovoltaic 
contributions  [60].  In  what  follows,  we  present  a  reso¬ 
nator  model  of  self-pumped  phase  conjugation.  Such  a 
model  explains  the  origin  of  phase  conjugation  inside  a 
BaTi03  crystal  and  also  explains  the  frequency  shift  of 
the  order  of  ±1  Hz  [56],  [80],  [89]. 

Referring  to  Fig.  21,  we  consider  the  incidence  of  a 
laser  beam  into  a  cube  of  photorefractive  cyrstal.  The 
crystal  cube  can  be  viewed  as  a  dielectric  optical  cavity 
which  supports  a  multitude  of  mcxles.  These  modes  are 
trapped  inside  the  crystal  due  to  total  internal  reflection  at 
the  surfaces.  When  a  laser  beam  is  incident  into  the  crys- 
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Fi*.  20.  Self-pumpe<J  phase  conjugalor  using  external  reflectors  to  gener¬ 
ate  the  self-oscillation  with  frequency  shift  i  and  the  phase-conjugate 
teflection  with  a  frequency  shift  2i,  where  S  is  proportional  to  the  linear 
cavity  length  (7|]. 


Fig.  21.  Resonator  model  of  self-pumped  phase  conjugators. 


tal,  some  of  the  modes  may  be  excited,  as  a  result  of  the 
strong  parametric  gain  due  to  two-wave  mixing.  In  par¬ 
ticular,  ring  oscillations  such  as  those  shown  in  Fig.  21 
can  be  generated  according  to  the  theory  developed  ear¬ 
lier,  When  the  configuration  of  the  resonance  cavity  rel¬ 
ative  to  the  incident  laser  beam  support  bidirectional  os¬ 
cillation,  a  phase-conjugate  beam  is  generated  via  the 
four-wave  mixing  process. 

According  to  this  theory,  the  frequency  of  oscillation 
inside  the  crystal  can  be  slightly  detuned  from  that  of  the 
pump  beam.  Let  u  be  the  frequency  of  the  incident  laser 
beam;  the  frequency  of  the  internal  oscillation  can  be 
written 

u'  =  w  -f  i  (196) 

where  6  is  the  frequency  detuning  and  is  on  the  order  of 
±  1  Hz  for  BaTiOy.  Note  that  this  frequency  detuning  de¬ 
pends  on  the  path  length  of  the  ring  oscillation  inside  the 
crystal.  The  bidirectional  oscillation  provides  the  counter 
propagating  beams  needed  for  the  pump.  As  a  resjilt  of 
the  conservation  of  energy,  the  phase  conjugated  beam 
has  a  frequency  of  «  +  25. 

The  resonator  model  presents  a  simple  explanation  of 
the  frequency  shift  observed  in  BaTiOj  self-pumped  phase 
conjugators  [56),  [88],  [89].  In  addition,  experimental 
evidence  indicates  that  internal  oscillations  inside  the 
crystal  play  a  key  role  in  the  generation  of  phase  conju¬ 
gated  waves  [90] . 

C.  Optical  Nonreciprocity 

We  mentioned  earlier  that  the  energy  transfer  in  two- 
wave  mixing  may  have  application  in  optical  nonreci¬ 


procity.  We  now  discuss  in  some  detail  the  nonreciprocal 
intensity  transmission  and  nonreciprocal  phase  shifts  due 
to  two-wave  mixing  in  photorcfraciive  media.  It  is  known 
in  linear  optics  that  the  transmittance  as  well  as  the  phase 
shift  experienced  by  a  light  beam  transmitting  through  a 
dielectric  layered  medium  is  independent  of  the  side  of 
incidence.  This  is  known  as  the  left-  and  right-incidence 
iheorem  and  is  a  result  of  the  principle  of  reversibility 
[91].  This  theorem  is  no  longer  true  when  the  photore- 
fractive  coupling  is  present.  Such  nonreciprocal  transmit- 
tarice  was  first  predicted  by  considering  the  coupling  be¬ 
tween  the  incident  beam  and  the  reflected  beam  inside  a 
slab  of  photorcfractive  medium  [92].  The  reflected  beam 
is  due  to  the  dielectric  discontinuity  at  the  slab  bounda¬ 
ries.  As  a  result  of  the  photorcfractive  contradirectional 
two-wave  mixing,  energy  exchange  occurs  between  the 
incident  and  reflected  beams.  Such  an  energy  exchange 
leads  to  an  asymmetry  in  the  transmittance.  Fig.  22  shows 
the  two  transmittances  as  a  function  of  the  coupling  con¬ 
stant.  Notice  that  a  significant  nonreciprocal  transmit¬ 
tance  is  present  due  to  the  photorcfractive  coupling.  In  the 
extreme  case  of  strong  coupling  (yL  »  1 ),  the  slab  al¬ 
most  acts  as  a  “one-way"  window.  Such  nonreciprocal 
transmission  has  been  observed  in  BaTiOj  and 
KNb03 :  Mn  crystals  in  the  visible  spectral  regimes  [93], 
[94], 

In  addition  to  the  nonreciprocal  intensity  transmission, 
there’  exists  a  nonreciprocal  phase  shift  in  contradirec¬ 
tional  two-wave  mixing  according  to  (37),  provided  /3  qt 
0.  Such  nonreciprocal  phase  shifts  may  be  useful  in  some 
applications,  including  the  biasing  of  ring  laser  gyros  [66], 
[75]  [94].  In  what  follows,  we  consider  the  photorefrac- 
live  coupling  of  the  counterpropagating  beams  inside  a 
ring  resonator. 

Referring  to  Fig.  23,  we  consider  the  insertion  of  a  thin 
slab  of  photorcfractive  crystal  into  a  ring  resonator.  The 
photorcfractive  crystal  is  oriented  such  that  nonreciprocal 
transmission  occurs.  In  the  absence  of  the  photorcfractive 
medium,  the  two  oppositely-directed  ring  oscillators  are 
degenerate  in  frequency  in  an  inertial  frame.  As  a  result 
of  the  nonreciprocal  transmission,  the  symmetry  is  broken 
and  the  degeneracy  is  removed.  Since  this  may  lead  to  a 
split  in  the  frequency  of  oscillations,  it  provides  a  bias  for 
the  ring  laser  gyro  operation. 

Using  the  result  derived  in  Sections  Il-B  and  IlrC,  we 
obtain  the  following  expression  for  the  transmittance  of 
the  two  waves: 

r  ^ /■(/.)_  1-bm-' 

'  /,(0)  1  +  m'’  exp  (yf.) 

^  ^  l+m 

^  liiL)  \  +  m  exp  ( -yL) 

where  m  is  the  incident  intensity  ratio  m  «  /|(0)//j(I.). 
Note  that  Ti  <  1  and  T-i  >  1  for  positive  y.  The  sign  of 
y  depends  on  the  direction  of  the  c  axis. 

With  /|(z)  and  Ii{i)  given  by  (33),  the  phases  and 

can  be  integrated  directly  from  (31).  The  phase  shifts 
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Fig.  22.  Transmissivities  from  the  right-hand  side  and  the  left-hand  side 
as  functions  of  photorefractive  coupling  yL. 


Fig.  23.  Schematic  drawing  of  a  ring  laser  resonator  filled  with  a  photo- 
refractive  crystal  plate. 


in  traversing  through  the  medium  are  kL  +  ^i(L)  -  ^i(O) 
and  kL  +  02(0)  -  i'liL)  for  waves  £|  and  £2,  respec¬ 
tively.  These  two  phase  shifts  are  different  by  an  amount 
A  =  02(0)  -  02(£)  -  [0i(t.)  --  0i(O)],  which,  ac¬ 
cording  to  (3 1 )  is  given  by 

A  =  -(  d(0,  +02)=-[  &T^dz.  (198) 

Note  that  this  difference  in  phase  shifts  is  zero  when  /2(z) 
=  /i(z)  between  z  =  0  and  z  =  L,  which  corresponds  to 
C  =  0  in  (33)  (recall  that  /,(z)  -  /|(z)  =  2C).  Using 
(33)  and  carrying  out  the  integration  in  (198),  we  obtain 
the  following  expression  for  this  phase  shift  difference: 

23 

A  = In  Tj  - /?£  (199) 

where  is  the  beam  intensity  transmittance  given  by 
(197).  Note  that  A  can  also  be  written  asA  =  (2^/7)  log 
T)  +  fiL.  For  small  couplings,  i.e.,  -yL  «  1,  this  dif¬ 
ference  in  phase  shifts  can  be  written  approximately  as 

^  *  (  1  +  /Tl) 

where  we  recall  that  m  =  /|(0)//2(L). 

In  a  conventional  ring  laser  gyro,  the  oscillation  fre¬ 
quency  as  well  as  the  intensity  are  the  same  for  two  beams 
in  an  inertial  frame.  The  oscillation  occurs  at  thos  fre¬ 


quencies 

/=  N  =  integer  (201) 


which  lie  within  the  gain  curve  of  the  laser  medium  (e.g., 
Hc-Ne ).  Here  S  is  the  effective  length  of  a  complete  loop 
and  N  is  a  larger  integer.  For  S  s  30  cm,  these  frequen¬ 
cies  (201)  are  separated  by  the  mode  spacing  c/S  a  1 
GHz.  Since  the  width  of  the  gain  curve  is  typically  1 .5 
GHz  due  to  principally  Doppler  broadening,  the  gyro  usu¬ 
ally  oscillates  at  a  single  longitudinal  mode. 

The  oscillation  intensity  inside  the  laser  cavity  is  deter¬ 
mined  by  the  gain  as  well  as  the  loss  and  is  given  by  [88] 

Ic  = '^{gc  -  g.)  (202) 

where  k  is  the  constant  which  depends  on  the  laser  me¬ 
dium,  ga  is  the  unsaturated  gain  factor  per  pass,  and  g,  is 
the  threshold  gain  factor.  Note  that  both  g^  and  g,  are  di¬ 
mensionless.  In  a  conventional  ring  resonator,  the  thresh¬ 
old  gain  for  both  traveling  waves  is  given  by 

g,  =  aL-\nR  (203) 

where  a  is  the  loss  constant  (including  bulk  absorption 
and  scattering)  and  R  is  the  product  of  the  three-mirror 
reflectivities. 

In  the  presence  of  the  photorefractive  coupling,  the  un¬ 
equal  transmissivities  make  the  threshold  gain  different 
for  the  two  waves  which  now  become 


g,i  =  aL  -  In  TfR  g,2  «=  cL  -  In  T2R  (204) 


where  Ti  and  T2  are  the  beam  transmitunces  given  by 
(197).  The  difference  in  the  threshold  gain  leads  to  a  split 
in  the  oscillation  intensity.  The  fractional  difference  in  the 
oscillation  intensity  is  given  approximately  by 


/2  ~  l\  _  In;  -  In  Tl _ yL 

h  +  (go  ~  g,)  2{g„-g,)' 


(205) 


If  we  now  assume  that  the  beam  intensities  are  nearly  uni¬ 
form  in  the  photorefractive  material  (i.e.,  yL  «  1 ),  the 
difference  in  phase  shift  A  can  be  written,  according  to 
(198)  and  (205) 


3yL^ 

Hgo  ~  g,y 


(206) 


This  expression  agrees  with  (200)  provided  (g^  -  g,) 
«  2,  which  is  legitimate  because  {go  -  g,)  is  typically 
on  the  order  of  10‘^. 

The  unequal  phase  shift  for  the  oppositely-directed 
traveling  waves  corresponds  to  different  effective  optical 
path  lengths  for  the  waves.  This  results  in  a  difference  fi 
between  the  angular  frequencies  of  the  laser  oscillation  of 
the  two  beams.  The  difference  is  0  *  ~  wi  =  -cA/S, 

which  can  be  written,  according  to  (206),  (19),  and  (20) 

^  ^  ■  Tl — ~ — (  ■  ^  ^ 

s  2(go  -  g,)  y 
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where  we  recall  that  <t>  is  the  relative  phase  shift  between 
the  index  grating  and  the  interference  pattern.  We  note 
that  fl  is  not  zero  provided  sin  ^  cos  4>  *  0. 

We  now  examine  the  angular  frequency  split  ft  for  var¬ 
ious  cases.  For  the  pure  diffusion  case  (i.e.,  no  external 
electric  field)  in  photorefractive  material,  the  phase  shift 
<t>  is  given  by  ^  =  r/2  -  tan"'  fir,  according  to  (46). 
Thus  (207)  becomes 


Ar^{An,f 

X'5(g„  -  g,)  (1  +  ft'r’)' 


(208) 


which  has  three  solutions.  The  trivial  one  is  ft  =  0,  which 
corresponds  to  an  unsplit  oscillation.  The  other  roots  are 
given  by 


«o 


I  lirAn, 


8.) 


(209) 


Taking  t  =  100  ms,  5  =  30  cm,  g„  -  g,  =  0.01,  L  =  1 
mm.  An,  =  10"^,  X  =  0.6328  /im,  (209)  yields  ft^  =  10^ 
s"',  which  corresponds  to  a  frequency  split  of  160  Hz. 
Whether  the  ring  gyro  will  oscillate  at  the  same  frequency 
(ft  =  0)  or  with  a  split  fto,  or  both,  is  a  subject  of  mode 
stability. 

It  is  shown  that  there  are  three  modes  of  oscillations. 
The  stability  of  these  modes  will  determine  the  actual 
mode  of  oscillation  at  steady  state.  To  investigate  this  is¬ 
sue,  we  need  to  examine  the  effect  of  small  perturbation 
on  the  oscillation  frequencies.  Using  (207)  and  <f)  =  t/2 
-  tan"'  ftr,  we  consider  that  the  frequency  difference  ft 
is  slightly  deviated  from  the  solution  by  6ft.  This  6ft  will 
change  the  holographic  grating  phase  shift  by  6<^.  Equa¬ 
tion  (207)  will  then  yield  the  resulting  frequency  differ¬ 
ence  ft  +  ^  after  substituting  <t>  +  6<t)  for  <t>  on  the  right- 
hand  side.  The  criterion  for  stable  oscillation  is 


(i)  »■  •''<» 

Using  (46)  and  (207),  we  can  plot  the  right-hand  side 
of  (207)  as  a  function  of  ftr.  The  solution  of  (207)  can 
then  be  obtained  by  drawing  a  straight  line  through  the 
origin  with  a  slope  of  1  /r.  The  intersections  of  the  straight 
line  with  the  curve  give  the  solutions  of  (207).  The  ratio 
(rfft/6ft)  is  proportional  to  the  slope  at  the  intersections. 
We  note  that  the  solution  at  ft  =  0  has  a  positive  slope 
which  indicates  that  this  mode  of  oscillation  is  unstable 
according  to  the  criterion  equation  (210).  The  other  two 
solutions  of  (209)  are  stable  because  they  have  a  negative 
slope.  Negative  slope  indicates  that  any  deviation  ^fi 
caused  by  perturbation  will  eventually  damp  out. 

In  summary,  we  found  that  if  the  crystal  is  acentric,  the 
nonlocal  response  of  the  crystal  leads  to  unequal  trans¬ 
mittance  and  phase  shifts  of  the  two  waves.  These,  in  turn, 
lead  to  a  split  in  the  oscillation  intensity  as  well  as  oscil¬ 
lation  frequency.  The  frequency  split  may  be  utilized  to 
bias  alaser  gyro  away  from  its  lock-in  region.  In  the  above 
derivation,  the  bulk  absorption  in  the  photorefractive  ma¬ 
terial  is  neglected.  This  is  legitimate  provided  a  «  y. 
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which  is  generally  true  in  most  photorefractive  crystals. 
The  attenuation  in  the  crystal  may  affect  the  difference  in 
phase  shift  according  to  (198)  because  /j  -  /|  is  no  longer 
a  constant.  Numerical  analysis  is  required  to  include  the 
attenuation  and  obtain  a  more  accurate  result. 


D.  Real-Time  Holography  and  Beam  Processing 

We  mentioned  the  holographic  implications  of  two- 
wave  mixing  in  photorefractive  media  earlier.  Let  us  now 
elaborate  on  this  idea  in  some  detail.  The  formation  of  an 
index  grating  due  to  the  presence  of  two  coherent  laser 
beams  inside  a  photorefractive  crystal  is  formally  analo¬ 
gous  to  the  recording  process  in  conventional  holography. 
Consider  the  procedure  shown  in  Fig.  24(a),  in  which  two 
laser  beams  intersect  and  form  an  induced  index  grating. 
The  index  grating,  as  given  by  (10),  contains  the  product 
of  the  amplitudes  Ai  and  A2.  This  index  grating  is  a  ho¬ 
logram  formed  by  a  **reference”  beam  A^,  and  an  “ob¬ 
ject”  beam  Ai.  The  transmission  function  of  such  a  ho¬ 
logram  can  be  written 

t  -■  An  -  A*  A2  exp  ( -lA'  ■  r  ) 

-I-  A^A*  exp  [ik  ■  r)  (211) 

where  A^  and  A2  denote  the  complex  amplitudes  of  the 
•reference  and  object  fields,  respectively. 

In  the  reconstruction  step  (sec  Fig.  24(b)],  the  holo¬ 
gram  is  illuminated  by  the  reference  beam  <4,  exp  ( -1  k| 

•  r  ).  The  diffracted  beam  can  be  written 

ij/4|/4*/42  exp  (-i?2  •  r  )  (212) 

where  ij  is  the  diffraction  efficiency.  We  notice  that  the 
phase  of  Ai  cancels  out  and  the  diffracted  beam  is  a  re¬ 
construction  of  the  object  beam  A2  exp  ( -  f  k  2  •  r).  Sim¬ 
ilarly  the  “reference”  beam  A^  can  be  reconstructed  by 
illuminating  the  hologram  with  "object”  beam  A2  (sec 
Fig.  24(c)],  provided  beam  A2  is  a  phase  object  (i.e.,  A2 
has  phase  variation  with  1  -42 1  constant). 

In  addition  to  the  holographic  analog,  two-wave  mixing 
exhibits  amplification  which  is  a  unique  feature  not  avail¬ 
able  in  conventional  holography.  Using  these  two  prop¬ 
erties.  two-wave  mixing  can  be  used  for  beam  processing. 
As  a  result  of  the  real-time  holographic  nature,  photore¬ 
fractive  two-wave  mixing  exhibits  nonreciprocal  energy 
transfer  without  any  phase  crosstalk  (96].  This  character¬ 
istic  can  be  seen  directly  by  examining  the  coupled  equa¬ 
tions  (17)  and  (18). 

The  lack  of  phase  crosstalk  can  be  understood  also  in 
terms  of  the  diffraction  from  the  self-induced  index  grat¬ 
ing  in  the  photorefractive  crystal.  Normally,  if  a  beam 
that  contains  phase  information  ^(r,  /)  is  diffracted  from 
a  fixed  grating,  the  same  phase  information  also  appears 
in  the  diffracted  beam.  In  self-induced  index  grating,  the 
phase  information  ^(r.  1)  is  impressed  onto  the  grating 
in  such  a  way  that  diffraction  from  such  a  grating  will  be 
accompanied  by  a  phase  shift  -^{r,  /  ).  Such  a  dynamic 
hologram  makes  self-cancellation  of  phase  information 
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Fij.  24.  Real-time  holojraph)'. 


possible  when  the  incident  beam  is  diffracted  from  the 
grating  produced  by  the  incident  and  the  reference  beams. 
Such  a  self-cancellation  of  phase  information  is  actually 
equivalent  to  the  reconstruction  of  the  reference  beam 
when  the  hologram  is  read  out  by  the  object  beam. 

Energy  transfer  without  phase  crosstalk  can  be  em¬ 
ployed  to  compress  both  the  spatial  and  the  temporal 
spectra  of  a  light  beam  (97).  In  other  words,  the  energy 
transfer  without  phase  crossulk  can  be  utilized  to  clean 
up  both  the  spatial-wavefront  and  temporal  wavefront  ab¬ 
errations.  In  what  follows,  w’c  will  describe  separately  the 
cleanup  of  these  two  types  of  aberration. 

In  the  cleanup  of  spatial  aberration,  a  spatial  mode  filter 
(e.g.,  a  pinhole  mirror)  is  used  to  select  a  clean  part  of 
the  aberrated  beam.  The  rest  of  the  beam  consists  of  sev¬ 
eral  spatial-frequency  components.  After  the  separation, 
these  two  portions  of  the  beam  are  brought  together  at  a 
photorefractive  crystal.  Because  of  the  energy  transfer 
without  phase  crosstalk,  the  signal  beam  can  be  amplified 
without  bearing  any  phase  information  from  the  aberrated 
part  of  the  beam. 

The  experimental  configuration  is  shown  schematically 
in  Fig.  25,  An  argon-ion  laser  beam  with  output  power  of 
a  few  hundred  milliwatts  at  5I4.S  nm  is  used  as  the  co¬ 
herent  light  source.  The  polarization  of  the  laser  output  is 
rotated  into  the  plane  of  incidence  so  that  the  largest 
effective  electrooptic  coefficient  of  the  SBN  crystal,  es¬ 
sentially  r„.  can  be  used.  The  beam  splitter  BS  is  used  to 
split  the  incoming  beam  into  the  pump  and  the  signal 
beams,  which  are  mutually  coherent.  The  beams  are  then 
loosely  focused  onto  the  sample  5  by  the  focusing  lenses 
FLi  and  FLj,  respectively.  The  average  spot  size  of  each 
beam  inside  the  sample  is  approximately  3  mm  in  diam¬ 
eter.  The  sample  used  for  the  experiment  was  a  crystal  of 
single  ferroelectric  domain  of  SBN  with  a  5  x  6  mm  cross 
section  and  a  thickness  of  6  mm.  The  external  angle  t 
subtended  by  the  two  beams  was  approximately  10*. 
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Fi|.  25.  Schematic  diiftim  of  the  etperimenul  letup  for  spatial  wave¬ 
front  correction.  For  temporal  wavefront  correction,  the  phase  distorter 
(PD)  it  Rplaced  by  the  set  of  mirrors  shown  in  the  inset.  BS,  beam 
splitter;  DL.  diverjing  lens;  FL.  focusinp  lens;  HP.  half-wave  plate 
(5145  nm);  M.  plane  minor;  P,  polarizer;  PO.  phase  disionen  S.  um- 
ple;  SC.  screen  (96]. 


The  beam  splitters  BSj  and  BS4  together  with  the  mir¬ 
rors  and  constitute  a  Mach-Zchnder  interferometer 
whose  output  fringe  pattern  represents  the  spatial  phase 
of  the  pump  output.  Similarly,  the  beam  splitters  BSj  and 
BS5  and  the  mirrors  A/y  and  constitute  another  inter¬ 
ferometer  for  displaying  the  spatial  phase  of  the  signal 
output.  The  diverging  lenses  DL|  and  DLy  are  used  to 
magnify  the  fringe  pattern  projected  onto  the  screen  SC. 

Without  the  spatial  phase  distorter  PD  in  the  paths  of 
the  beams,  the  fringes  of  each  are  concentric  circles,  rep¬ 
resenting  the  spherical  wavefront  introduced  by  the  con¬ 
verging  lenses  FL|  and  FL}.  Pictures  of  such  fringes  are 
shown  in  Fig.  26(a).  With  the  phase  distorter  PD  (a  mi¬ 
croscope  slide  etched  with  hydrofluoric  acid)  in  the  path 
of  the  pump  beam  (see  Fig.  25),  the  spatial  wavefront  of 
the  pump  ^comes  strongly  aberrated,  as  shown  on  the 
left-hand  side  of  Fig.  26(b).  The  wavefront  of  the  ampli¬ 
fied  beam,  however,  remains  essentially  undistoned  (the 
right-hand  side  of  Fig.  26(b)). 

With  the  pump  intensity  on  the  order  of  400  mW/cm* 
(total  power  of  the  order  of  30  mW)  and  a  signal-beam 
intensity  on  the  order  of  8  mW/cm’,  a  signal  gain  (de¬ 
fined  as  the  ratio  of  signal  output  power  with  and  without 
the  pump  beam)  of  about  10  has  been  achieved  with  our 
SBN  sample,  for  the  experimental  configuration  described 
above,  with  no  special  care  or  optimization.  For  the  case 
corresponding  to  the  pictures  shown  in  Fig.  26.  the  signal 
gain  decreases  ftom  10  to  7  as  the  phase  aberrator  is  in¬ 
troduced.  Our  experimental  results  clearly  demonstrate 
that  energy  transfer  without  phase  crosstalk  can  be  real¬ 
ized  by  two-wave  mixing  in  photorefractive  media. 

The  cleanup  of  temporal  aberration  can  be  understood 
in  lenns  of  nondegenerate  two- wave  mixing  in  pholorc- 
fractivc  media.  Let  the  frequencies  of  the  two  beams  be 
/,  and  /}.  respectively.  In  the  photorefractive  medium, 
these  two  beams  generate  a  traveling  interference  pattern. 
This  interference  pattern  induces  an  index  grating.  The 
index  grating  has  a  frequency  of  ( /}  -  /• ).  As  a  result  of 
the  nonlocal  response  of  the  crystal,  energy  transfer  oc¬ 
curs  that  allows  one  beam  to  accept  and  the  other  beam 
to  donate  eitergy .  Note  that  when  beam  2  is  diffracted  from 
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Kig  26  tmcffcfcncc  tringc^  f<rpfc.vcmmg  ihc  \)>atai  plu\c  of  the  pump 
output  and  Ihc  ampttftcd  Kignal  out|Hi(.  (a)  With  no  pha\c  dt\tortcr  m 
l)o(h  armt.  (b)  With  phase  distottcr  in  the  pump  beam  prior  to  entering 
the  ph«>torefractivc  matcrul  (%{. 


the  holographic  grating,  its  frequency  is  shifted  to  /,  be¬ 
cause  iiic  index  grating  is  traveling  with  a  frequency  of 
( /,  -  /, ),  Thus  photons  of  frequency  fi  can  be  converted 
to  photons  of  frequency  /i .  A  tciuporally-aberratcd  beam 
may  be  considered  as  a  superposition  of  several  frequency 
contihinents.  Thus,  by  using  a  frequency  filter  to  select  a 
single-frequency  component  and  then  to  recombine  it  with 
the  rest  of  the  beam  at  a  photorcfractive  crystal,  it  is  pos¬ 
sible  to  clean  up  the  tem(X)tal  alierration  of  light  beams, 
ill  our  experimental  work,  we  use  a  piertKlectrically 
driven  mirror  ii>  iiitriKluce  the  tem(X)ral  wavefront  aber¬ 
ration.  ’’  he  experimental  setup  is  almost  identical  to  that 
used  in  the  previous  experiment  except  that  the  spatial 
distorter  Pli  (sec  l-ig,  25)  is  now  replaced  by  a  temprrral 
phase  rmxlulatoi .  As  the  rnifror  moves  at  a  constant  ve- 
locilv  II,  the  frequency  /  of  the  pump  beam  is  tiopplcr 
shifted  by  an  amuunl  A/ given  by 

-V 

where  /is  the  otigmal  pump  Irequency.  t-  is  the  linear 
veloeity  of  the  tttovmg  irtittot,  and  i  is  the  velocity  ot 
tight  in  air  fhis  Irequency  shrtt,  or,  equivalently,  the 
temt>ofal  phase  modulaiioti,  is  picked  up  by  a  detecioi  at 
the  ouipui  {x>it  ot  the  .Mach  /ehndet  mieilefomcter.  Tlte 
lemtxiral  phase  vaiiatum  o(  die  pump  outside  with  a  tie 
qutney  tnodulaiton  ot  2  Hr  ts  ^hown  m  the  lower  tiave  <•( 
the  oscillogtam  (l-ig  2/)  the  cottcs(h)ndttig  lettt|>.>t4l 
phase  vailation  ol  the  ainplilted  signal,  as  pieked  up  by  a 
simtlaf  detector,  is  repiesenteJ  by  the  upfier  liace  of  the 
oscillogiam  Notice  that  the  tcnqioial  phase  ot  the  ampti 
lied  signal  is  essentially  unt>ettuit>ed  the  signal  gam. 
howevet,  drops  rapidly  as  the  tHimp  mudulaciun  lie- 
queue)  IS  mcieased  ^■.^(x•lltnetttal  tcsuUs  lot  the  signal 


POME  MOOOlAttON  fMOUENCV  >  2H< 
big  2  /  v,irutts>H  of  lb?  output  ;»Hd  Bm^ihcd  ki^a4l 

iHitpUt 

gain  versus  pump  imxlulation  frequency  at  various  pump 
and  signal  power  levels  arc  given  in  l-'ig.  2S. 

The  exfienment  desctified  above  can  be  viewed  as  a 
nearly  degeneiale  two  wave  mixing  c.xfxifiment  with  a 
veiy  small  Itequencs  ottscitA/  )  of  a  lew  heitr  The  solid 
lines  m  t-'ig.  2S  leptesenl  the  theotelical  tits  based  on  (4S) 
and  (50)  using  the  time  constant  i  as  the  adjustable  pa 
latneict.  t  he  JeixinJence  ot  the  matetial  time  constant  on 
the  input  lie  am  intensity  lalio  and  the  total  input  inicnsiiy 
Can  thus  Ik-  deduced  .A  typical  result  is  illusitatcd  in  l  ig 
I'i  Note  that  the  lime  constant  is  telatively  mscnsiUve  to 
in{Hn  lieam  itUensits  taiio 

In  conclusion,  we  base  deimmsltated  nontecipiixal  en 
eigy  lianstet  ssubout  (‘base  i.tosstalk  and  have  succeeded 
in  Ix-atti  cleanup  b>  using  plioUueltasttve  two  wave  mis 
ing  m  Sll.*s  vi\ slats  Itoiti  sjiatial  and  tenqiotat  (ifiase  ab 
ettainin  ot  laset  lieams  sati  Ik-  cleaned  up.  ptosided  that 
the  jdiasc  afseitatism  does  not  ihangc  signilicantly  ovet  a 
|icits>d  that  IS  the  lime  siKistani  ol  the  tnatettal  Ihe  ho 
Issgtain  rceotdiiig  tmu-  t  ol  SUN  ciyslals  IS  also  obtained 
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in  pholorefractive  materials  has  been  proposed  and  dem¬ 
onstrated  (102].  Such  logic  operations  use  the  nonlinear 
phenomena  of  signal  beam  saturation  and  pump  beam  de¬ 
pletion  in  two-wave  mixing,  tn  addition,  the  erasure  of 
hologram  by  a  third  beam  can  be  used  to  control  the  effi¬ 
ciency  of  two-beam  coupling.  Recently,  the  transient  re¬ 
sponse  of  the  photorefractive  effect  was  used  for  the  time 
differentiation  of  coherent  optical  images. 

VI.  Conclusions  and  Discussions 

In  conclusions,  we  have  considered  the  coupling  of  two 
electromagnetic  waves  in  various  nonlinear  media,  in¬ 
cluding  photorefractive  crystals,  Kerr  media,  and  cubic 
semiconductors.  The  energy  transfer  as  well  as  the  phase 
shift  due  to  coupling  were  derived  and  discussed.  The  re¬ 
sults  were  then  used  to  undersund  the  oscillation  of  pho¬ 
torefractive  ring  resonators  as  well  as  the  physical  origin 
of  self-pumped  conjugators.  We  also  presented  a  coupled¬ 
mode  analysis  of  the  coupling  of  two  polarized  beams  in 
cubic  photorefractive  crystals.  Cross-polarization  two- 
beam  coupling  was  discussed  in  some  detail.  In  the  last 
pan  of  the  paper,  we  discussed  several  applications  using 
two-beam  coupling  in  photorefractive  crystals.  These  in¬ 
clude  ring  laser  gyros,  real-time  holography,  beam  pro¬ 
cessing,  and  information  processing. 

Appendix  A 
Kexx  Coefficients 

A.  Conversion  Between  Units  and  Definitions 

The  Kerr  effect  is  traditionally  described  by  a  depen¬ 
dence  of  the  index  of  refraction  on  the  electric  field  by 

«  -f  (Al) 


F.*  29  Dcpendeiwc  of  tK«  Iiru  coetiMi  (hotofram  ttmt)  0( 

lb(  saN  umple  e*  UMul  input  puwer  »iut  Uw  beam  power  niio  /,<0), 
tipnal  input  powei,  t,(0),  pump  input  powti.  •  •  O 

1,(0)  •  lOmW. /.(O)  -  0  26mW.  m  -  40  0  /,(0)  -  lOmW.j.iO) 

•  2.5  niW.  ■  .  4.  ♦  /,{0)  w  100  BiW.  /,(©)  •  0  2  mW.  ■  •  500, 

•  /,<0)  «  too  mW.  1,(0)  -  24  mW.  *  •  4;  Q:  r,<0>  •  200  mW. 
t,(0)  •O*  sW.  M  >  500.  A:  /,(0)  •  200  «W.  2.(0)  >  41  mW.  m 
•4  mi 

.experimentally.  Although  the  physical  mechanism  is  dif¬ 
ferent  from  the  Raman  coupling,  the  phenomenon  of  en¬ 
ergy  exchange  without  phase  crosstalk  is  similar  to  the 
Raman  beam  cleanup  t9S|-(l00| 

The  laser  beam  cleanup  techni(|ue  can  also  be  used  in 
conjunction  with  a  phase  conjugation  to  conect  tor  the 
distortion  due  to  crystal  imperfection.  Such  a  scheme  has 
been  used  to  clean  up  laser  beams  using  a  SUN  crystal  for 
two- wave  mixing  and  a  BaTtO)  cry  stal  as  the  conjugator 
(1011 

Two- wave  mixing  in  nonlinear  media  can  be  used  for 
applications  tn  optical  tnfomution  processing  IV  for¬ 
mation  of  holograms  (volume  index  grating)  can  be  used 
for  the  storage  of  three-dimensional  infonnaiton  (12].  The 
nonrccipfocal  energy  transfer  can  be  used  for  the  ampii- 
hcation  of  spatial  tnuges  (77)  In  the  area  of  optical  com¬ 
puting.  digital  logic  operation  using  two-beam  coupling 


where  is  the  index  of  refraction  at  £  =  0,  n;  is  the  Kerr 
eocfScicnt,  and  the  brackets  <  )  stand  for  time-average. 
Some  workers  adopted  the  following  debnition; 

«  =  n,  -F  Hj/  (A2) 

where  /  is  the  intensity  of  electromagnetic  radiation  mea¬ 
sured  in  units  of  W/m*  in  the  MRS  system  of  units.  The 
conversion  from  both  dchnitions  and  between  MRS  and 
ESU  units  is  given  in  Table  tit  We  note  that 

/  =  cto(£^>  {A3) 

and 

for  £  I  ESI'  3  -N  10*  V/rn 

for/  I  ESU  =  10  ‘  W/m- 

H  Kelitttonsktf  Betwren  a.  and  x 

The  Rerr  coefhcieni  «.  is  also  related  to  the  third-order 
dtclccUK' susceptibrltiy  Here  we  derive  the  rclaitoa- 
ship  beiween  them  for  ivotropic  media  such  as  tnjuids  or 
gases  In  addition  to  the  CGS  and  MRS  units,  there  are 
several  conventions  used  in  the  debntuon  of  x'*'  (l|.  (2) 
tn  this  paper,  wc  adopt  the  following  dehnitioo  of  x‘*' 

(A4) 
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TABLE  III 

CONvtiMOK  Tami  fo«  Km«  Cornell  ms 


m  • 

ft 

•  ♦  «  ,  / 

BSV 

MKS(*/V(' 

ESU 

MKS(m’/W) 

t 

1/9  *  10  * 

4  2  »  to  " 

4.2  X  10  ’ 

I0-" 

1/9  X  10" 

4  2  X  10  '' 

4.2  *  IO  ’‘<fOf  CS,) 

where  P  is  the  polarization  and  £  is  the  electric  field. 
Using  the  complex  number  representation  (I)  for  sinu¬ 
soidal  varying  field  such  as  the  one  given  in  (6).  the  com¬ 
plex  amplitude  of  the  polarization  at  frequency  u  is 

£(«)  -  (A5) 

If  we  rewrite  (A5)  as 

£(«)  =  Itox'"  +  3/4x'’'£*£1£ 

then  the  index  of  refraction  can  be  written 

.  1\  _  .  .Ill  J.  1  /.4  ..Ult-Afll 


We  now  compare  (A7)  with 

An  =■«;<£•)  =  1/2  n.E'E 
and  we  obtain 


3 

«.  =  -  X 

•  4«en  * 


O) 


(AS) 


(A9) 


AprtNPt.x  B 

The  solution  of  the  nonlinear  coupled  differential  equa¬ 
tions  (118)  and  (1 19)  is  derived  in  this  appendix 
By  adding  the  two  equations  in  (IIS)  and  carrying  out 
the  integration,  we  obtain 

/,  +  /.»  C  exp  (-ac)  (Bl) 

where  C  is  a  constant  equal  to  /,(u)  *  Using  (Bl) 

and  (11$).  we  can  eliminate  />  and  obtain 


-/.  ♦  (o  A  gCe  *••)/.  »  8l\ 


(B2) 


which  is  a  Bernoulli  equation  and  can  be  integrated  di- 
lectlv .  The  solution  is 


/.(:)”  =  =  -g  (  a  c| 


(B3) 


j.--- 


Using  (B-t)  and  tB5).  (BJ)  can  be  written 

Ct  •' 


/,(:) 


l  ♦  CC  exp  I  -  *  gC*  exp  (  - oc ) ! 
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Putting  :  ®  o  in  (B6)  and  solving  for  C,  we  obtain 


r  =  ‘ 

C/,(0)"'’ 


(B7) 


where  we  recall  that  C  *=  /|(0)  +  /:(0).  Using  the  defi¬ 
nitions  for  m  and  y  from  (124)  and  (125),  respectively, 
and  (B7),  /|(z)  can  be  rewritten  in  the  form  of  (122).  The 
solution  for  /](z)  can  be  obtained  from  (122)  and  (Bl). 
This  completes  the  solution  for  /,(z)  and  /jf!). 

Solutions  for  the  phases  and  can  be  obtained  by 
substituting  (122)  and  (123)  for  /,(z)  and  /](z).  respec¬ 
tively.  into  (119)  and  carrying  out  the  integration.  The 
process  requires  the  following  integral  formula; 


(A6)  1  +  B  exp 

1 

-  A  exp  (  - 

ox) 

la 

1 

1 

1 

(A7)  =  ~  log  j 

ikj..p 

o 

dt 


V  .  ) 

where  C  is  a  constant  of  integration  and  /*( :  t  is  given  b> 

/*(;)  =  a  »  gO  *  (b4) 

To  simplif)  (B)).  we  need  to  use  the  following  integral 

fomiula 


(B3) 


(Bb) 


.  (B8) 


Using  the  expressions  for  /,(;)  and  /;(:)  and  the  above 
formula,  we  arrive  at  (126)  and  (127).  This  completes  the 
derivation  of  /,(z)  and  />(:). 
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ABSIKACr 

Mcaisurements  of  two- wave  mixing  gain  and  phase -conjugate  response  in  barium  titanate  using 
CaAlAs  d>odc  laser  sources  emitting  at  830  nm  are  discussed.  Gain  coefficients  as  large  as  18 
cm~'  have  been  obtained  with  optimized  mixing  geometries.  With  an  optically  isolated  barium 
titanate  ring  passive  phase-cdnjugate  mirror  we  have  obtained  phase -conjugate  reflectivities  as 
large  as  56%  (uncorrccted  for  l4esnel  reflection  losses)  and  response  times  on  the  order  of  tetu  of 
seconds.  These  results  represent  sigtrificant  improvements  over  corresponding  values  previously 
reported  in  the  literature. 


1.  tm^RODuenoN 

To  date,  nonlinear  optical  effects  such  as  two-wave  mixing  (TWM)  and  phase  conjugation  in 
phocorefraclivc  materials  like  barium  titanate  (BaTiOj)  and  strontium  barium  niobate 
(Si|Bat_,Nb20^:Ce)  have  been  examined  primarily  at  visible  wavelengths  near  SIS  nm.  Recent 
interest  in  near-i^rared  wavelengths  has  been  brought  about  by  the  availability  of  low-cost,  highly 
efficient,  compact  semiconductor  diode  lasers  that  operate  at  these  wavelengths.  While  some  two- 
wave  mixing  and  phase  conjugation  experiments  luvc  been  performed  using  diode  lasers.^*'^  a 
careful  investigation  of  the  nordittear  properties  of  photorefractive  materials  at  these  wavelengths 
has  not  been  reported  previously.  In  this  paper  we  describe  measurements  cf  TWM  gain  and 
response  time  using  BaTiOj  at  830  nm.  as  well  as  measurements  of  phase -conjugate  response  rime 
arnd  leflectivity  for  BaTiO^  in  a  ring  conjugator  cordiguration  at  this  wavelength. 

2.  TWO- WAVE  MIXING 

Two -wave  mixing  in  photorefractive  materials  is  dependent  upon  many  different  factors.  When 
peauormitfig  a  two-w-ave  mixing  experiment,  the  two  most  critietd  parameters  arc  typically  the  two- 
wave  mixinig  gain  coefftcient.  F  and  the  time  response  of  the  photorefractive  process  in  the 
material.  two-wave  mixing  gain  coefficient.  F  of  a  photorefractive  crystal  such  as  BaTiO^  can 
be  written  as* 
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where  23  is  the  external  ctossmg  angle  between  the  two  beams.  23^  is  the  internal  crossing  angle, 
and  the  parameters  A  and  B  relate  to  the  photorefractive  properties  of  the  material  as  foUowrs: 
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where  is  the  effective  elecuo-opUc  coefficient,  k  is  the  magnitude  of  the  grating  wavcvcctor. 
C(k}  accounts  for  elecuon-hote  competition,  n  is  the  refractive  index.  k^T/e  is  the  thermal  energy 
per  charge,  and  X  is  the  free  space  wavelength.  is  the  effective  density  of  photorefraciive 

charge,  and  cc^  is  the  dc  dielectric  consunt  along  the  direction  of  the  grating  wavevcctor.  The 
steady>state  two^beam  coupling  gain  O.  is  defined  as 


o  - 


(4) 


where  is  the  transmitted  probe  beam  through  the  crystal  with  the  pump  beam  on.  and  1^  is  the 
transmitted  probe  beam  with  the  pump  off.  For  large  pump/probc  ratios,  the  gain  can  be  related  to 
r  by 

C.  -«»p{rL)  (5) 


where  L  is  the  interaction  length  in  the  crystal  for  the  pump  and  probe  beams. 
The  time  response  of  the  photorcfractive  process  in  a  material  is  given  by^'^ 
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where  the  dielecuic  relaxation  time  is 
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and  the  factors  and  b  arc  defined  as 
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The  feeottibin.5Uoa  rate  is  It  «  ^'a  **  number  density  of  photorcfiacus'c 

acceptors  (donor  s>.  p  is  the  mobtitiy.  s  is  Uic  pitotoionuatton  cross  sec  non,  and  I  ^  is  die  hghi 
rntenstty. 
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bodi  ihe  gam  and  the  sjwcd  of  the  |».ho6orcf«av'Uve  process  in  a  giscn  rnatertai  figure  I  shosts  the 
experimemat  setup  we  used  for  optimising  TWM  in  RaTiOj.  Tlie  single  mode  diode  laser  stas 
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passing  through  polarizing  beamsplitter  PBS.  Beam  asymmetry  was  corrected  with  an  anamorphic 
prism  pair.  This  beam  was  split  by  the  50%  beamsplitter  BS  into  a  pump  and  a  probe  beam. 
Neutral  density  (ND)  filters  attenuated  the  probe  beam  allowing  for  a  variable  pump/probe  ratio. 
Shutters  SH  were  used  for  blocking  either  beam,  while  lenses  Lj  and  Lj  (f=40  cm,  located  -30  cm 
from  the  sample)  lightly  focussed  the  beams  into  a  BaTiO^  crystal  (5  mm  per  side  cube)  immersed 
in  a  temperature  controlled  oil  bath  (index-matched  to  the  glass  cuvette).  Spot  size  in  the  crystal 
was  1.5  mm.  The  transmitted  probe  beam  was  monitored  by  detector  D.  The  probe  and  pump 
beams  had  incident  angles  of  a  and  P  with  respect  to  the  face  normal  of  the  glass  cuvette,  with 
pathlcngths  matched  to  within  a  few  centimeters.  The  crystal  was  also  tilted  with  respect  to  the 
cuvette  window  by  an  angle  y.  After  taking  into  account  Fresnel  reflections  and  scattering  losses, 
a  linear  absorption  coefficient  of  0.08  cm’*  was  measured  for  the  crystal  at  830  nm.  Between 
successive  two-wave  mixing  measurements,  all  gratings  in  the  crystal  were  erased  by  a  uniform 
intensity  beam  from  either  an  argon  ion  laser  (514.5  nm)  or  a  HeNc  laser  (632.8  nm). 

Table  1  lists  measured  TWM  gain,  G  (see  Eq.  4)  for  various  intensities  and  geometries  (for 
negative  a,  the  pump  and  probe  beams  were  incident  from  opposite  sides  of  the  cuvette  face 
normal;  see  Fig.  1).  A  geometry  consisting  of  angles  a=25‘,  p=50*,  and  7=30*  (cases  F  and  G  in 
Table  1)  proved  best  as  it  allowed  access  to  the  large  r^j  electro-optic  coefficient  in  BaTiOj  while 
still  maintaining  good  overlap  of  the  pump  and  probe  beams  in  the  crystal.  For  this  orientation 
the  grating  wavevector/c-axis  angle  was  calculated  to  be  31*.  Figure  2  plots  the  measured  TWM 
gain  coefficient  versus  crystal  temperature  for  this  configuration.  In  this  case,  a  pump  beam 
intensity  of  680  mW/cm^  was  used.  A  large  pump/probe  ratio  (>  10^)  was  also  used  to  ensure 
minimal  pump  depletion  (unsaturated  gain).  At  room  temperature,  the  net  intensity  gain  was 
5200,  which  for  a  5  mm  interaction  length  corresponds  to  a  gain  coefficient  of  17  cm'*.  The  gain 
increased  to  8000  (18  cm’*)  when  the  crystal  was  cooled  to  11  *C,  which  is  on  the  edge  of  a 
tetragonal-to-orthorhombic  phase  transition  (reported  to  be  in  the  range  from  5-10‘C^**  for 
BaTiOj).  Note  that  these  gain  coefficients  are  comparable  to  thos*  measured  in  the  visible,^ 
suggesting  that  N^  is  not  significantly  reduced  in  the  infrared.  While  the  known  temperature 
dependencies  of  reff  and  e  in  Eqs.  1-3  predict  a  strong  enhancement  of  the  photorefractive  gain 
upon  cooling,  the  observed  improvement  was  actually  quite  small.  Further  study  is  needed  to 
explain  this  discrepancy. 

Figure  3  plots  the  measured  TWM  time  response  (time  required  for  the  TWM  gain  to  reach 
(l-e~*)^  of  its  maximum  value  when  the  pump  beam  is  unblocked)  versus  crystal  temperature.  As 
shown,  the  temperature  dependence  of  the  time  response  was  relatively  slight,  increasing  from  -50 
seconds  at  room  temperature  to  -100  seconds  at  11  *C.  The  most  notable  feature  of  these  results  is 
that  they  are  two  to  three  orders  of  magnitude  larger  than  response  times  previously  measured  at 
visible  argon-ion  wavelengths.*®’**  This  increase  is  believed  to  be  attributable  to  a  reduction  of 
the  photoionization  cross-section  at  longer  wavelengths. 

3.  SELF-PUMPED  PHASE  CQNBJGATIQN 

The  advent  of  efficient  and  compact  semiconductor  diode  lasers  has  increased  interest  in  using 
phase  conjugation  in  photorefractive  materials  to  provide  distortion  correction  for  these 
devices.*^"*"*  In  tlie  first  reports  of  photorefractive  response  at  830  nm  with  light  from  a  GaAlAs 
diode  laser,  a  ring  passive  phase-conjugate  mirror  was  formed  using  BaTi03  as  the  real-time 

holographic  medium.*'^  A  phase-conjugate  reflectivity  of  16%  was  obtained  with  an  incident 
power  of  3.6  mW  (126  mW/cm^,  uncorrected  for  Fresnel  reflections).  The  time  needed  to  reach 
90%  of  its  steady  state  value  was  40  sec  (lime-response  intensity  product  -5  W-sec/cm^).  This 
reflectivity  was  also  obtained  when  the  GaAlAs  laser  was  replaced  by  an  argon-ion  laser  emitting 
35  mW  (1.4  W/cm^)  at  1090  nm,  although  the  time  response  intensity  product  at  this  longer 
wavelength  increased  to  500  W-sec/cm^.^  In  another  study,  a  phase-conjugate  reflectivity  of  30% 
was  obtained  using  a  3  mW  (150  mW/cm^)  beam.^  About  120  seconds  were  needed  to  establish  a 
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phase-conjugate  beam.  When  the  crystal  was  rotated  ±  90*.  comparable  phase-conjugate 
reflectivities  were  obtained  with  longer  start-up  times.  Similar  reflectivities  were  obtained  using  a 
35  mW  (1  W/cm^)  NdiYAG  laser  operating  at  1.06  nm.  Start-up  times,  however,  were  on  the  order 
of  10  minutes.^ 

In  our  experiments,  we  have  obtained  phase-conjugate  reflectivities  as  large  as  56%  (not  corrected 
for  Fresnel  reflections)  with  response  times  on  the  order  of  tens  of  seconds.  This  represents  a 
significant  improvement  over  previously  reported  work. 

Figure  4  is  a  schematic  diagram  of  the  experimental  setup  wc  used  for  self-pumped  phase 
conjugation  at  830  nm.  A  temperature-stabilized  single-mode  diode  laser  operating  at  828.8  nm 
was  coilimated  by  lens  Li  (focal  length  f=8  mm).  The  horizontal  polarization  component  of  this 
beam  was  then  transmitted  through  a  polarizing  beamsplitter  PBS.  Asymmetry  in  the  beam  was 
corrected  by  a  prism  pair  before  it  was  focussed  by  lens  L2  through  a  Faraday  isolator  FR  (35  dB 
isolation).  The  transmitted  beam  was  then  collimated  by  lens  L3  to  a  spot  size  of  approximately  2 
mm.  The  polarization  of  the  beam  (at  45*  with  respect  to  the  plane  of  the  paper  due  to  the  Faraday 
rotator)  was  rotated  back  to  horizontal  by  a  half-wave  (X/2)  plate.  This  beam  was  then  incident  on 
a  passive  ring  conjugator  (a  BaTiOa  crystal  immersed  in  a  temperature  controlled  oil  bath  and  two 
external  mirrors  M3  and  M4,  with  angles  Gi  and  62  both  roughly  30*).  A  pellicle  beamsplitter 
placed  in  front  of  the  crystal  was  used  to  sample  the  incident  beam  and  the  phase-conjugate 
reflection  (using  detectors  D1  and  D2,  respectively)  to  determine  phase-conjugate  reflectivity. 

Figure  5  illustrates  the  measured  temporal  response  of  the  self-pumped  phase  conjugator  for 
incident  power  levels  of  2.6,  5.5,  and  13  mW.  Between  measurements  all  gratings  in  the  crystal 
were  erased  with  an  argon-ion  laser  beam.  The  tum-on  time  of  the  conjugator  decreased  from  16 
seconds  at  2.6  mW  (80  mW/cm^)  to  8  seconds  at  13  mW  (410  mW/cm^)  incident  power.  Once  the 
device  timied  on,  the  phase-conjugate  signal  increased  to  saturation  in  about  10  seconds.  In  all 
cases,  the  saturation  value  corresponded  to  a  phase-conjugate  reflectivity  of  56%,  not  including 
correction  for  Fresnel  losses  at  the  air-cuvette-oil-crystal  interfaces.  At  all  power  levels,  the 
phase-conjugate  reflectivity  was  relatively  independent  of  crystal  temperature,  which  was  varied 
from  room  temperature  to  10‘C  during  the  experiment.  In  previous  studies  examining  two- 
interaction  region  conjugator  reflectivities,  the  reflectivity  was  found  to  be  enhanced  by 
cooling.***'^  This  discrepancy  may  be  due  to  the  gain  being  sufficiently  large  over  the  entire 
temperature  range  we  examined  that  the  reflectivity  of  the  conjugator  was  always  saturated.  In 
contrast  to  the  reflectivity,  the  time-response  of  the  conjugator  was  temperature  dependent.  It 
increased  with  cooling,  as  expected  from  the  results  of  our  two-wave  mixing  measurements  reported 
in  the  previous  section. 

The  above  results  on  the  passive  self-pumped  ring  conjugator  represent  the  highest  phase- 
conjugate  reflectivity  and  the  fastest  time  response  reported  to  date  for  phoiorefractive  BaTi03  in 
the  near  infrared  wavelength  region.  As  we  have  already  mentioned,  in  previous  experiments 
considerably  lower  phase-conjugate  reflectivities  and  longer  response  times  were  measured.^  '*  In 
these  experiments  the  diode  laser  was  not  optically  isolated  from  phase-conjugate  reflections. 
When  we  rertioved  the  Faraday  isolator  from  our  experimental  setup,  the  previously  reported  results 
were  duplicated.  Figure  6  plots  phase-conjugate  reflectivity  versus  time  when  the  isolator  is 
removed  (X/2  plate  is  also  removed).  Notice  that  the  time  response  is  much  slower  with  the 
isolator  removed,  even  though  we  increased  the  incident  power  to  15  mW  (475  mW/cm^).  The 
maximum  reflectivity  we  could  obtain  without  isolation  was  28%,  with  significant  fluctuations. 
Most  likely,  these  fluctuations  were  due  to  phase  instabilities  caused  by  the  conjugate  signal 
reentering  the  laser. 

With  no  optical  isolation,  wc  examined  the  effect  of  various  levels  of  phase-conjugate  feedback 
on  the  frequency  spectrum  of  the  laser  using  a  2  GHz  free  spectral  range  spectrum  analyzer.  The 
feedback  level  was  controlled  by  placing  neutral  density  filters  in  front  of  the  ring  conjugator. 

*  Figure  7  illustrates  the  mode  spectrum  observed  for  various  levels  of  phase-conjugate  feedback. 
With  no  feedback  (photo  A),  the  laser  operated  single  mode.  Note  that  the  photo  covers  two  free 
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spectral  ranges.  As  pictured  in  photo  B,  with  0.04%  of  the  output  reinjected  (measured  outside  the 
laser  facet  with  a  pellicle  beamsplitter),  the  spectrum  was  multimode  (bandwidth  1  GHz).  With 
>0.06%  reinjected  (photos  C  and  D).  the  spectrum  from  the  analyzer  appeared  flat  indicating  a 
bandwidth  much  greater  that  2  GHz.  Separate  measurements  with  a  1/4  m  monochromator  indicated 
that  the  spectral  bandwidth  for  these  injection  levels  was  >5  nm. 

4.  CONCLUSIONS 

In  summary,  we  have  described  TWM  measurements  in  photorefractive  BaTi03  using  830  nm 
radiation  from  a  GaAlAs  diode  laser.  A  TWM  gain  of  5200  (17  cm"')  was  measured  at  room 
temperature,  increasing  to  8000  (18  cm"')  at  11*C.  These  values  are  comparable  to  those 
previously  measured  in  the  visible.  TWM  response  times  were  measured  and  found  to  be  on  the 
order  of  50  seconds  at  room  temperature.  Cooling  the  crystal  increased  the  response  time  by  a 
factor  of  two. 

Using  a  BaTiOs  self-pumped  phase  conjugator  operating  at  830  nm,  we  have  shown  that  good 
optical  isolation  from  phase-conjugate  reflections  is  required  to  obtain  optimal  conjugator 
performance.  Phase-conjugate  reflectivities  as  large  as  56%  (not  correcting  for  Fresnel  losses) 
with  response  times  on  the  order  of  tens  of  seconds  have  been  observed.  These  values  represent 
significant  improvements  over  those  previously  reported  in  the  literature. 
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Table  1.  Measured  two-wave  mixing  gain  for  BaTi03 


Y(deg)‘’ 

txfdeg)*’ 

P(deg)*> 

T(*C)‘= 

A 

1.2 

2.6 

0 

-15 

15 

22.2 

1.4 

B 

1.2 

2.6 

15 

-15 

15 

22.2 

1.8 

C 

6.1 

12.7 

15 

-15 

15 

22.2 

2.3 

D 

0.098 

12.7 

15 

-15 

15 

22.2 

9.2 

E 

0.098 

12.7 

15 

-15 

15 

10.7 

9.7 

F 

7.3x10*^ 

12 

30 

25 

50 

22.2 

5200 

G 

7.3x10’^ 

12 

30 

25 

50 

11.0 

8000 

‘Measured  before  crystal 
^See  Fig.  1  for  geometry 
^Crystal  temperature 
“^Two-wave  mixing  gain,  sec  Eq.  5 


Figure  1.  Experimental  setup  for  two-wave  mixing  in  BaTi03  at  830  nm 
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Figure  2.  Two-wave  mixing  gain  coefficient  versus  temperature.  TWM  geometry 
consists  of  angles  a  =25'.  p  =50'.  and  y  =30*. 


Figure  3.  Two-wave  mixing  time  response  versus  temperature.  TWM  geometry 
consists  of  angles  a  =25'.  p  =50'.  and  y  =30'. 
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Figure  4.  Schematic  diagram  of  setup  for  self-pumped  phase  conjugation  in  BaTi03 


Figure  5  Time  response  of  the  self-pumped  phase  conjugalor  with  isolation 
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TIME  (SECONDS) 

Figure  6.  Time  resporwe  o(  the  seB-pumped  phase  conjugator  without  isolation 

A  B 


152 

C11264DD/ejw 


Rockwell  International 

Scitnc*  C«nt«r 


SC5538.fr 


Phase  Conjugate  Oscillators 
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Oftical  monaeon  containing  a  phayc 
conjugal*  mirror  (PCM)  hav*  hern  a  tubrKi 
o(  gf*ae  ini«me.  where  the  PCM  i>  #m- 
gtoy*4  aa  an  en4  mirror  o(  the  rnonaior 
cavity  (or  ineracaviey  aherralton  corrri;- 
lion.'  Rccenl  Ihcorelicai  anaiyai*  indicalcs 
lhal  the  inaerlion  of  a  PCM  inatiir  a  ring 
laaer  cavity  reaulla  in  a  rnluclton  o(  the 
lock-in  thr*ahol4  and  rrducra  the  imbal¬ 
ance  between  the  ampliiudea  ol  the  oppo- 
aitely  directed  traveling  wavea  *  In  the  *»  - 
treme  caae  e(  phase  <on|ugale  oacillation 
without  conventional  gain,  lock -in  can  be 
completely  eliminated  ’  We  have  devel¬ 
oped  a  general  theory  tor  nondegenerate 
•ecillations  in  a  phase  coniugate  oscillator 
(PCO)  i.e.,  an  optical  resonator  with  a  PCM 
as  an  intracavity  element  The  PCM  con¬ 
sists  o(  a  nonlinear  transparent  medium 
pumped  by  a  pair  ot  coitnterpropagaiing 
laser  beams  so  that  phase  conjugation  ot  an 
input  beam  with  possible  gain  is  achieved 
by  nondegenerate  tour-wave  mising 
(hfFWM)  The  Uncat  absorption/gain  in 
the  medium  ts  also  taken  into  account  In 
the  absence  of  any  conventional  tnirrora  to 
that  the  PCO  behave*  like  an  ordinary 
PCM.  we  recover  the  results  of  phase  conju¬ 
gation  by  NfkVM  *  Our  study  shows  that 
the  nonlinear  gain  rebutted  tor  oscillattun 
is  considerably  increased/  decreased  due  to 
Che  linear  ab«o;ptton/gatn  in  the  medium, 
white  the  bandwidth  and  the  sidetobe 
Stntctuce  ot  the  bandpass  (itiei  ate  also  af¬ 
fected.  In  the  case  when  there  u  only  one 
cenveBCional  mirror,  the  PCO  reduces  to  a 
phase  coniugate  tesonatoi  (a  tesonatof 
bounded  by  a  conventional  tnirtot  and  a 
PCM)  Our  theory  shows  that  nondegcH- 
etate  oscillation  is  possible  in  such  a  tesons 
lor  The  theory  can  also  be  uswd  to  study 
the  etteccs  of  iineat  absorption,'  gam  on  the 
fitter  operation 
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Using  pefTurbacion  theory,  we  esamtnr 
Che  fidelity  «( the  photorefractiv*  degener¬ 
ate  four-wave  mising  (DFWM)  phase  conju- 
gator  when  Che  probe  wave  I*  tpaiully  and 
temporally  varying.  Previous  thrones  are 
based  on  linearised  undepirted  pump  ap- 
prosimation  and  Laplace  transform  tech¬ 
nique  Fully  nonlinear  solutions  assume  a 
single  monochromatic  plane  wave  probe 
kVe  have  considered  in.ttead  the  mure  gen¬ 
eral  case  in  which  the  probe  is  spatially 
varying  (a  beam)  and/or  temporally  varv- 
ing  (a  pulse),  and  Che  pumps  are  allowed  to 
deplete.  The  probe  wave  is  espanded  as  a 
sum  of  monocKfomatic  plane  waves  of  frr- 
quencies  w,  •  w,  4  waveveclon  k,.  and 
complei  amplitudes  A,(Q„  k,).  where  w,  is 
the  frequency  of  the  pumps  Using  a  pet- 
Curbacton  approach  up  to  the  third  order, 
we  found  that  the  components  ot  the  probe 
interact  in  pairs,  so  that  the  component  of 
the  conjugate  wave  at  -Qi.  -hi  is 
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buildup  lime  decreases  and  lends  to  satu¬ 
rate  as  the  steady  stale  coupling  gain  in¬ 
creases.  (3)  the  buildup  lime  increases  ap- 
prosimately  quadraiically  as  incident  beam 
ratio  deviates  unity 

These  results,  including  the  seeding  level 
ellecl.  the  eaiernal  electric  field  effect,  as 
well  as  tome  espctimenlal  results,  are  also 
presented 

I.  kV  KroUkowski  ft  »l .  In  Ttekniftt  thgnl 
0/  Cenlftetiff  on  QutfUum  [Itelfotiifi  tnJ 
Ijffft  SftfiKf  (Optical  Society  ol  America. 
tVashingion.  OC.  1^94).  paper  W'DDII. 

2  M  Cronm-Crotomb  et  «/.,  IEEE  f  Quan¬ 
tum  EUvtron  Q(-20. 12  (1494) 
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Tll\5  Two-wave  mising  of  optical  sig¬ 
nals  in  the  plasma  medium 

J  A  TATARONtS.  C.  C  PAPEN.  U.  Wis¬ 
consin -Madison.  tVpi  Electrical  It  Com¬ 
putet  Engtnevnng.  Madison.  WJ  S)704- 
iskt 

Amplificatton  resulting  from  two-wave 
(Rising  of  o{>tical  signals  occurs  in  neatly 
degeneiate  ot.  equivalently,  ttansient  con¬ 
ditions.  subject  to  the  testnctien  that  the 
resjHsnse  ot  the  nonlinear  material  to  the 
tnctdeni  wave  is  not  inatantaneous  Re¬ 
cent  work  has  focused  on  Kecrltke  materi¬ 
als  ‘  in  the  pccsent  study,  we  eaptore  the 
tune  dynamics  of  two-wave  mising  in  a 
Rettlike  (die  <•  f).  but  nonlocal,  plasma 
where  the  requited  delay  process  Is  In¬ 
duced  either  by  a  simple  colltston  mecha¬ 
nism  or  by  Landau  damping  htaswelt's 
equations  ate  coupled  to  the  apptopttatc 
g-svetning  equations  of  the  pLasma.  fol- 
l<awed  by  Itneariaation  based  on  a  strong 
un-fepleted  pump  wave  and  simplihcation 
by  the  slowly  vary  ing  envelope  apptuaima- 
to-H  Two  plasma  models  ate  e-iplurcd  |i) 
a  warm  collistona!  plasma  and  tiij  a  Vlasov 
plasma  to  aimulaie  the  effects  ot  Landau 
damping  In  each  case  the  tesuliing  cqua 
lions  ate  solved  vu  Laptace  transform  tech 
niques  In  the  pteseSiie  of  a  delav  Hiecha 
nism  the  two-wave  mising  geometty  pco 
duces  s|>attal  amphficatton  of  an  applied 
probe  wave  in  iianstrni  (or  neatly  degener- 
aiej  conditions  An  enhancemeni  of  the 
piassiia  tesjeanse  cwcun  when  a  moving  in¬ 
tensity  giating  peopaganng  at  a  velocuy  of 
a  natufal  snode  ol  the  plasma  is  generated 
This  enhancemeni  ol  two- wave  mtcing  can 
be  (oauidered  a  totm  ot  wimutaied  hccl- 
touin  scattering 
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RECENT  ADVANCES  IN  PHOTOREFRACTIVE  NONLINEAR  OPTICS 

(Invited  Paper) 

Pochi  Yeh 

Rockwell  International  Science  Center 
Thousand  Oaks.  California  91360 

ABSTRACT 

There  have  been  several  significant  new  developments  in 
the  area  of  photorefractive  nonlinear  optics  during  the  past  few 
years.  This  paper  briefly  describes  some  of  the  important  and 
interesting  phenomena  and  applications. 

1.0  INTRODUCTION 

The  photorefractive  effect  is  a  phenomefK>n  in  which  the  local  index  of 
refraction  is  changed  by  the  spatial  variation  of  light  intensity.  This  spatial  index 
variation  leads  to  a  distortion  of  the  wavefront  and  is  referred  to  as  *Optical 
Damage."*  The  photorefractive  effect  has  since  been  observed  in  many  electro* 
optic  crystals,  including  LiNbOj»  BaTiOj,  SBN,  BSO,  BCO,  CaAs,  Inp,  and  CdTe. 
This  effect  arises  from  optically  generated  charge  carriers  which  migrate  when 
the  crystal  is  exposed  to  a  spatially  varying  pattern  of  illumination  with  photons 
of  sufficient  energy.^,)  Migration  of  charge  carriers  produces  a  space*charge 
separation,  which  then  gives  rise  to  a  strong  5pace<harge  field.  Such  a  field 
induces  a  chartge  in  index  of  refraction  via  the  Pockets  effect.**  Photorefractive 
materials  are,  by  far,  the  most  efficient  media  for  dptical  phase  conjugation^.^ 
and  real-time  hologrdpl>y  usirtg  relatively  low  intensity  levels  (e.g.,  I  W/cm*). 

2.0  TWO-WAVE  MIXING 

When  two  beams  of  coherent  radiation  intersect  inside  a  phoicrelrac- 
live  medium,  an  index  graiittg  is  formed.  This  index  grating  is  spatially  shifted  by 
i/2  relative  to  the  intensity  patteta.  Such  a  phase  shift  leads  to  nonrec^trocal 
energy  transfer  when  these  two  beams  propagate  through  the  index  grating.  The 
hologram  formed  by  the  two-beam  interference  inside  the  photorefractive  media 
can  be  erased  by  lllumirvating  the  hologram  with  light.  Thus  dyrvamic  holography  is 
possible  using  pho tor elr active  ntaterials.*,*  Sonv»  of  the  most  important  and 
mteresting  a^ications  are  discussed  as  follows. 

Laser  Beam  Cleanup? 

Two-wave  mixing  in  photorefractive  ntedia  exliibits  energy  transfer 
without  any  phase  crosstalk.*,* •  This  can  be  understood  in  terms  ol  the 
dillractioft  from  the  self-induced  index  grating  in  the  photorefractive  crystal, 
b^mally.  if  a  beam  that  contains  phase  information  sfr.i)  is  diffracted  from  a 
fixed  grating,  ilte  «nke  pfxase  information  appears  in  U»e  diffracted  beam.  In  sell- 
tn^iced  ir^ex  gratmgs,  the  phase  mformaiton  i  .  impressed  onto  iltc  grating 
”  mflractum  from  this  grating  will  be  accompanied  by  a  phase 

shift  -Mr.t).  Such  a  sell -cancel  la  I  ion  of  phase  information  is  equivalent  to  the 
reconstruction  of  the  reference  beam  when  the  hologram  is  read  out  by  the  object 
beam.  Energy  transfer  witfmut  phase  crosstalk  can  be  employed  to  con*press  both 
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the  spatial  and  the  temporal  spectra  of  a  light  beam.“>  This  has  been 
demonstrated  experimentally  using  BaTiOa  and  SbN  crystals. ‘ 

Photorefractive  Resonators 

The  beam  amplification  in  two-wave  mixing  can  be  used  to  provide 
parametric  gain  for  unidirectional  oscillation  in  ring  resonators.  The  oscillation 
has  L  'en  observed  using  BaTi03  crystals.**  Unlike  the  conventional  gain  medium 
(e.g.»  He-Ne),  the  gain  bandwidth  of  photorefractive  two-wave  mixing  is  very 
narrow  (a  few  hertz's  for  BaTiOj).  Despite  this  fact,  the  ring  resonator  can  still 
oscillate  over  a  large  range  of  cavity  detuning.  This  phenomenon  wtis  not  well 
understood  until  a  theory  of  photorefractive  phase  ^hitt  was  developed.*  ^  This 
theory  also  predicts  that  tl>e  unidirectional  ring  resonator  will  oscillate  at  a 
frequency  different  from  the  pump  frequency  by  an  amount  directly  proportional 
to  the  cavity-length  detuning.  Furthermore,  in  a  photorefractive  material  v  ith 
moderately  slov.'  response  time  t,  the  theory  postulates  a  threshold  where  oscilla¬ 
tion  win  cease  if  the  cavity  detuning  becomes  ♦oo  large.  The  theory  has  been 
validated  experimentally  in  a  BaTiOj  photorefractive  ring  resonator.*** 

Optical  Nonreciprocity 

It  is  known  in  linear  optics  that  the  transmittance  as  well  as  the  phase 
shift  experienced  by  a  light  beam  transmitting  through  a  dielectric  layered 
medium  is  independent  of  the  side  of  incidence.  *5  This  is  no  longer  true  when 
photorefractive  coupling  is  present.  Such  nonreciprocal  transmittance  was  first 
predicted  by  Considering  the  coupling  between  the  incident  beam  and  the  reflected 
beam  inside  a  slab  of  photorefractive  medium.*®  The  energy  exchange  due  to  the 
coupling  leads  to  an  asymmetry  in  the  transmittance.  In  the  extreme  case  of 
strong  coupling  (yL  »  1),  the  slab  acts  as  a  "one-wSy"  window.  Nonreciprocal 
(optical  )  transmission  has  been  observed  in  BaTiOs  and  KNb03;Mn  crystals.**’*® 
In  addition,  there  exists  a  nonreciprocal  phase  shift  in  contra-directional  two- 
wave  mixing.  Such  nonrecip''ocity  may  be  useful  in  applications  such  as  the 
biasing  of  ring  laser  gyros.*  ®,  * ^ 

Conical  Scattering 

When  a  laser  beam  is  incident  on  a  photorefractive  crystal,  a  cone  of 
light  (sometimes  several  cones)  emerges  from  the  crystal.  This  has  been  referred 
to  as  Photorefractive  Conical  Scattering.  It  is  known  that  fanning  of  light  occurs 
when  a  laser  beam  is  incident  on  a  photorefractive  crystal.*®  Because  of  the 
strong  two-beam  coupling,  any  scattered  light  may  get  amplified  and  thus  lead  to 
fanning.  In  conical  scattering,  the  noisy  hologram  formed  by  the  incident  light 
and  the  fanr>ed  light  further  scatters  off  the  incident  beam.  The  fanning  hologram 
cor\sists  of  a  continuum  of  grating  vectors,  but  only  a  selected  portion  of  grating 
vectors  satisfies  the  Bragg  condition  for  scattering.  This  leads  to  a  cone  of 
scattered  light.  Photorefractive  conical  scattering  has  been  observed  in  several 
different  kinds  of  crystals.  **-*J 

Cross-Polarization  Two-Wave  Mixing 

Cubic  crystals  such  as  GaAs  and  InP  exhibit  significantly  faster  photo- 
fefractive  response  than  many  of  the  oxide  crystals.  In  addition,  the  isotropy  and 
the  tensor  rwiure  of  the  electro-optic  coefficients  allow  the  possibility  of  cross- 
polarization  two-wave  mixing  in  which  the  s  component  of  one  beam  is  coupled  to 
the  p  component  of  the  other  beam  and  vice  versa.  A  coupled  mode  theory  of 
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phoiorefractive  two-wave  mixing  in  cubic  crystals  was  developed.  2**  The  theory 
predicts  the  existence  of  cross-polarization  two-wave  mixing  in  crystals  posses¬ 
sing  a  point  group  symmetry  of  43m .  Such  a  prediction  was  validated  experi¬ 
mentally  using  phoiorelractive  GaAs  crystals.*  Cross-polarization  two-wave 
mixing  provides  extremely  high  signal-to-noise  ratios  in  many  of  the  applications 
which  employ  photorefractive  two-wave  mixing. 

Photorefractive  Optical  Interconnection 

A  new  method  of  reconfigurable  optical  interconnection  using  photore¬ 
fractive  dynamic  holograms  was  conceived  and  demonstrated.*®  Reconfigurable 
optical  interconnection  using  matrix-vector  multiplication  suffers  a  significant 
energy  loss  due  to  fanout  and  absorption  at  the  spatial  light  modulators.  In  the 
new  method,  the  nonreciprocal  energy  transfer  in  photorefractive  media  is 
employed  to  avoid  the  energy  loss  due  to  fanout.  The  result  is  a  reconfigurable 
optical  interconnection  with  a  very  high  energy  efficiency.  The  interconnection 
can  be  reconfigured  by  using  a  different  SLM  pattern.  The  reconfiguration  time  is 
limited  by  the  formation  of  holograms  inside  the  crystal.  Once  the  hologram 
which  contains  the  interconnection  pattern  is  formed,  such  a  scheme  can  provide 
optical  interconnection  between  an  array  of  lasers  and  an  array  of  detectors  for 
high  data  rate  transmission. 

3.0  OPTICAL  PHASE  CONJUGATION 

Optical  phase  conjugation  has  been  a  subject  of  great  interest  because 
of  its  potential  application  in  many  areas  of  advanced  optics.**-®  For  nonlinear 
materials  with  third-order  susceptibilities,  the  operating  intensity  needed  in  four- 
wave  mixing  is  often  too  high  for  many  applications,. especially  for  information 
processing.  Photorefractive  materials  are  known  to  be  very  efficient  at  low 
operating  intensities.  In  fact,  high  phase  conjugate  reflectivities  have  been 
observed  in  BaTi03  crys^^ls  with  very  low  operating  power.  In  what  follows,  we 
will  briefly  describe  some  of  the  most  important  and  interesting  recent 
developments. 

Self-Pumped  Phase  Conjugation 

A  class  of  phase  conjugators  which  has  received  considerable  attention 
recently  are  the  self-pumped  phase  conjugators.**,*®  In  these  conjugators,  there 
are  no  externally  supplied  counterpropagating  pump  beams.  Thus,  no  alignment  is 
needed.  The  reflectivity  is  relatively  high  at  low  laser  power.  These  conjugators 
are,  by  far,  the  most  convenient  phase  conjugate  mirrors  available.  Although 
several  models  have  been  developed  for  self-pumped  phase  conjugation, the 
phenomena  can  be  easily  understood  by  using  the  resonator  model.*  [n  this 

model,  the  crystal  is  viewed  as  an  optical  cavity  which  supports  a  multitude  of 
modes.  When  a  laser  beam  is  incident  into  the  crystal,  some  of  the  modes  may  be 
excited  as  a  result  of  the  parametric  gain  due  to  two-wave  mixing.  If  the  incident 
configuration  supports  bi-directional  ring  oscillation  inside  the  crystal,  then  a 
phase  conjugate  beam  is  generated  via  the  four-wave  mixing.  The  model  also 
explains  the  frequency  shift  of  these  conjugators.^® 

Mutually  Pumped  Phase  Conjugators 

Another  class  of  phase  conjugators  consists  of  the  mutually  pumped 
phase  conjugators  (MPPC)  in  which  two  incident  incoherent  beams  can  pump  each 
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other  to  produce  a  pair  of  phase  conjugate  beams  inside  a  photorefractive 
crystal.  The  spatial  wavefronts  of  the  beams  are  conjugated  and  the  temporal 
information  is  exchanged.  The  phase  conjugation  requires  the  simultaneous 
presence  of  both  beams.  Recently,  conjugators  were  demonstrated  experimentally 
using  two  incoherent  laser  beams  in  BaTi03.3«,3«,39  These  phenomena  can  be 
explained  in  terms  of  either  hologram  sharing^s,"**  or  self-oscillations 3’  in  a  four- 
wave  mixing  process  or  resonator  model."  ‘ 

Phase  Conjugate  Michelson  Interferometers 

We  will  now  consider  a  Michelson  interferometer  which  is  equipped  with 
phase  conjugate  mirrors.  Such  an  optical  setup  is  known  as  a  phase  conjugate 
Michelson  interferometer  and  has  been  studied  by  several  workers,"  By  virtue 
of  its  names,  this  interferometer  exhibits  optical  time  reversal.  Consequently,  no 
interference  is  observed  at  the  output  port.  The  output  port  is,  in  fact,  totally 
dark.""  Such  an  interferometer  is  ideal  for  parallel  subtraction  of  optical  images 
because  the  two  beams  arriving  at  the  output  port  are  always  out  of  phase  by  n. 
This  has  been  demonstrated  experimentally  using  a  BaTi03  crystal  as  the  phase 
conjugate  mirrors."^  Using  a  fiber  loop  as  one  of  the  arms,  such  an  interfero¬ 
meter  can  be  used  to  sense  nonreciprocal  phase  shifts."®  A  phase  conjugate  fiber 
optic  gyro  has  been  built  and  demonstrated  for  rotation  sensing  using  BaTi03 
crystals."'',"® 

Phase  Conjugate  Sagnac  Interferometers 

Using  the  mutually  pumped  phase  conjugators  mentioned  earlier,  a  new 
type  of  phase  conjugate  interferometer  was  conceived  and  demonstrated."  9  In  the 
new  interferometer,  one  of  the  mirrors  of  a  conventional  Sagnac  ring  inter¬ 
ferometer  is  replaced  with  a  MPPC.  Such  a  new  interferometer  has  a  dual  nature 
of  Michelson  and  Sagnac  interferometry.  As  far  as  wavefront  information  is  con¬ 
cerned,  the  MPPC  acts  like  a  retro-reflector  and  the  setup  exhibits  phase  con¬ 
jugate  Michelson  interferometry  and  optical  time  reversal.""  As  for  the  temporal 
information,  the  MPPC  acts  like  a  normal  mirror  and  Sagnac  interferometry  is 
obtained.  Such  a  new  phase  conjugate  interferometer  can  be  used  to  perform 
parallel  image  subtraction  over  a  large  aperture.  With  optical  fiber  loops  inserted 
in  the  optical  path,  we  have  constructed  fiber-optic  gyros  and  demonstrated  the 
rotation  sensing. 

Other  Developments  Related  to  Photorefractive  Nonlinear  Optics 

In  addition  to  those,  described  above,  there  are  other  significant 
developments.  These  include  pwlarization-preserving  conjugators,®®  phase  shifts 
of  conjugators,®*  optical  matrix  algebra, ®2  fundamental  limit  of  photorefractive 
speed,® 3  nondegenerate  two-wave  mixing  in  ruby  crystal,®"  and  nonlinear  Bragg 
scattering  in  Kerr  media.®® 
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ABSTRACT 


We  describe  the  physics  and  applications  of  double  phase-conjugate  oscillators,  and  we 
investigate  the  properties  of  such  oscillators  using  photorefractive  phase-conjugate  mirrors. 


SUMMARY 

Wlien  two  phase-conjugate  mirrors  with  gain  are  placed  near  each  other,  an  oscillation  will 
build  up  between  them.^  This  is  called  a  double  phase-conjugate  oscillator  (DPCO).  DPCO’s 
have  many  interesting  physical  properties  that  can  be  used  to  make  sensors.  For  example,  the 
frequencies  of  the  countcrpropagating  oscillations  in  a  linear  DPCO  arc  independent  of  the 
reciprocal  optical  path  length  of  the  resonator,  and  dependent  on  the  non-reciprocal  optical  path 
length.  This  is  the  exact  opposite  of  linear  oscillators  using  conventional  mirrors  (i.e.  la.sers). 
Since  inertial  effects  produce  nonreciprocal  phase-shifts,  the  DPCO’s  can  be  used  to  sense  motion. 
In  fact,  the  DPCO  is  the  only  oscillator  that  is  known  to  be  capable  of  measuring  translation. 2 
Although  conventional  optics  can  be  used  to  make  rotation  sensing  oscillators  (i.e.,  ring  laser 
gyros),  these  devices  can  not  use  solid  state  gain  media  due  to  gain  competition,  and  they  suffer 
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from  the  problem  of  frequency  locking.  These  problems  do  not  exist  in  phase-conjugate 
oscillators.  The  double  phase-conjugate  resonator  can  also  be  used  for  communications,  where 
each  phase-conjugator  acts  as  a  transceiver.  Infomtation  can  be  exchanged  between  the 
phase-conjugate  mirrors  by  modulating  the  phase,  amplitude,  or  polarization  at  one  of  the  mirrors. 
The  phase-conjugate  communication  link  has  the  desircable  properties  of  high  directionality,  self 
tracking,  and  aberration  correction.  To  study  the  properties  of  DPCO's,  we  constructed  a  double 
phase-conjugate  ring  oscillator  using  a  single  crystal  of  barium  titanate.  The  predicted  properties  of 
this  oscillator  were  verified  by  introducing  reciprocal  and  nonreciprocal  elements  into  the  ring,  and 
by  observing  the  resulting  effect  on  the  frequencies  of  the  bidirectional  oscillations. 

This  research  is  supported  by  the  U.S.  Air  Force  Office  of  Scientific  Research  under 
contract  F49620-88-C-0023. 
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When  two  phase-conjugate  miirors  with  gain  arc  placed  near  each  other,  an  oscillation  will 
build  up  between  them.!  This  is  called  a  double  phase-conjugate  oscillator  (DPCO).  DPCO’s 
have  many  interesting  physical  properties  that  can  be  used  to  make  sensors.  For  example,  the 
frequencies  of  the  counterpropagadng  oscillations  in  a  linear  DPCO  arc  independent  of  tlic 
reciprocal  optical  path  length  of  tlic  resonator,  and  dependent  on  tltc  non-reciprocal  optical  path 
length.  This  is  the  exact  opposite  of  linear  oscillators  using  conventional  mirrors  (i.e.  linear 
lasers).  Since  inertial  effects  produce  nonrcciprocal  phase-shifts,  tlic  DPCO’s  can  be  used  to  sense 
motion.  In  fact,  the  DPCO  is  the  only  optical  oscillator  in  which  the  frequencies  of  oscillation  are 
linearly  proportional  to  the  velocity .2  Although  conventional  optics  can  be  used  to  make  rotation 
sensing  oscillators  (i.e.,  ring  laser  gyros),  tlicsc  devices  can  not  use  solid  state  gain  media  due  to 
gain  competition,  and  they  suffer  from  the  problem  of  frequency  locking.  These  problems  do  not 
exist  in  DPCO's.  The  DPCO  can  also  be  used  for  communications,  where  each  phase-conjugaior 
acts  as  a  transceiver.  Information  can  be  exchanged  between  the  phase-conjugate  mirrors  by 
modulating  the  phase,  amplitude,  or  polarization  at  one  of  the  mirrors.  The  phase-conjugate 
communication  link  has  the  desirable  properties  of  high  directionality,  self  backing,  and  abenation 
correction. 


1.  J.  Um  and  W.  Brown.  Opt,  Lett.  5, 61  (1980);  M.  Ewbank,  P.  Yeh,  and  M  Kho.shnevisan. 
Opt,  Lett.  10, 282  (1985);  M.  Cronin-Golomb,  B.  Fischer.  S.  Kwong.  J.  White,  and  A. 
Yariv.Opt.  Utt.  7. 353(1985). 

2.  P.  Yeh.  M.  Khoshnevisan.  M.  Ewbank.  and  J.  Tracy.  Opt.  Commun.  57,  387  (1986). 
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FREQUENCY  SPLOTING  OF  THE  COUNTERPROPAGATING  MODES 

Consider  the  linear  oscillattM*  formed  by  two  phase-conjugate  mirrors  PCM  a  and  PCM  b  as 
shown  to  the  right  The  roundirip  phase  condidon  is  given  by. 


<>a  ■  Ob  ^nr  =  2jcn 


(1) 


where  O3  nnd  arc  the  phase  shifts  for  reflection  from  the  phase  conjugate  mirrors  a  and  b 
respecdvely.  Am  =  (i)|  •  0)2  is  the  frequency  splitdng  between  the  counterpropagadng  oscillations 
(note,  if  (Oj  =  (Oq  +  Ati)/2,  where  (Oq  is  the  pump  wave  frequency  for  the  phase-conjugate  mirrors, 
Uicn  (1)2  =  coq  -  Ao)/2),  L  is  the  length  of  the  resonator,  and  is  the  roundtrip  nonreciprocal  phase 
shift  in  the  resonator.  To  gain  some  insight  into  how  the  phase  condition  determines  the 
frequencies  of  oscillation,  we  make  three  simplifying  assumptions.  First  we  assume  the  case  of 
weak  coupling  for  which  the  phase  of  the  pliase  conjugate  reflection  is  given  by  \ 


03  =  <>,-*•  <>2.  <»4  +  jt/2  +  <)^  +  (>g 


(2) 


where  and  ^  are  the  phases  of  Ute  pumping  waves,  <>4  is  the  phase  of  the  incident  wave,  is 
the  phase  of  the  complex  change  in  index,  and  0g  is  the  phase  shift  of  titc  grating  with  respect  to 
the  intensity  pattern.  Second,  we  assume  that  the  frequency  sltift  is  small  so  that  <>g  »  Ogg+Ao)  t/2, 
where  is  the  phase  shift  of  tltc  grating  in  the  absence  of  any  frequency  shift,  and  e  is  tlte 
response  time  of  the  phase-conjugate  mirror.  Third,  we  assunte  the  phase-conjugate  nurrors  are 
identical,  or  die  same,  so  that  <5>a  -  0b  =  *5*ga  ’  0gb  =  Substituting  into  Eq.  I  we  obtain  die 
frequency  splitting  of  the  zeroth  order  counterpropagadng  modes. 


Aca«0„/(t  +  Uc) 


(3) 


3  S  Kwong.  A.  Yariv,  M.  Cronin-Golomb,  and  B.  Fischer,  J.  Opt.  Soc.  Am.  A  3. 157  (1986); 
1.  McMichael  and  P.  Yeh,  Opt.  Lett  12, 48  (1987). 
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LINEAR  POSITION  SENSOR 

The  effect  of  motion  is  to  produce  a  nonneciprocal  phase  shift  for  light  traveling  in  the 
resonator.  Consider  the  case  >vhen  the  resonator  is  moving  with  velocity  v  in  the  direction  from 
pCM  a  to  PCM  b.  For  light  traveling  in  the  direction  of  motion,  the  apparent  cavity  length  is 
increased  by  an  amount  vL/c,  so  that  the  phase  of  the  light  is  increased  by  an  amount  2nvL/cX. 

The  phase  of  the  light  traveling  against  the  direction  of  motion  is  decreased  by  the  same  amount,  so 
that  the  net  effect  of  motion  is  to  introduce  a  nonreciprocal  phase  shift  =  IkvUcX.  Substituting 
into  Eq.  3  we  obtain. 

Acu=  2r.(v/>0/n+t(cA-)]  (4) 

Tliis  frequency  splitting  can  be  measured  by  beating  the  two  outputs  from  the  resonator.  If  the 
response  time  of  die  phase  conjugate  mirrors  is  much  faster  than  the  time  it  takes  for  light  to  travel 
across  the  resonator,  then  the  beat  frequency  f  is  simply  given  by. 


f=  vA  (5) 

For  a  wavelength  of  1  pm,  a  beat  frequency  of  1  Hz  is  obtained  with  a  velocity  of  approximately 
0.1  pm/s. 

The  theory'  of  the  linear  position  sensor  assumes  that  motion  has  no  other  effect  than  to  add 
a  nonreciprocal  phase  sliift  for  light  traveling  in  the  resonator.  This  requires  that  die 
phase-conjugate  minors  be  pumped  by  separate  frequency  stabilized  sources.  To  understand  Uiis. 
consider  what  would  happen  if  both  ph3se<onjugate  mirrors  are  pumped  by  a  source  located  at 
PCM  a.  In  this  case  die  light  traveling  from  the  source  at  a  that  provides  pumping  at  b  will  also 
experience  the  same  piiase  shift  due  to  motioti  as  the  light  in  the  resonator.  Tite  net  effect  will  be 
that  the  phase-conjugate  reflection  vail  have  a  term  instead  of  •  so  that  the  roundthp 
phase  cliange  due  to  modon  will  be  0  instead  of 
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PHASE-CONJUGATE  OSCILLATOR  GYROS 


Consider  the  phase-conjugate  ring  resonator  shown  at  the  right.  If  the  resonator  is  rotating 
clockwise  with  an  angular  velocity  Cl  then  light  traveling  in  the  resonator  experiences  a 
non-reciftfocal  phase  shift  due  to  the  Sagnac  effect  of  Om  =  4nAQ/cX  radians,  where  A  is  the  area 
enclosed  by  the  resonator.  Since  this  oscillator  uses  a  single  four-wave  mixing  medium  for  both 
phase-conjugate  mirrors,  the  conditions  for  Eq.  3  arc  met  automatically.  Substituting  into  Eq.  3 
we  obtain. 


A(o  =  ( Ai^ACiJPX  )  /  ( 1  ♦  t  (c/P)l  (6) 

where  P  is  tltc  perimeter  of  the  resonator.  By  combining  the  two  outputs  from  the  ring  resonator 
one  can  measure  a  beat  frequency  f  «  AciV22t,  that  is  proponional  to  the  angular  velocity  Q.  If  the 
response  time  of  the  phase  conjugate  mirrors  is  much  faster  than  the  time  it  takes  for  light  to  travel 
around  the  resonator,  then  the  beat  frequency  is  simply  given  by. 


f=  4AQ/PX 


(7) 


This  is  tiie  beat  frequency  oh.ained  in  ring  laser  gyros.  However,  since  Uiero  is  no  gain 
competition  between  eounierpropagaiing  waves  in  the  phase-conjugate  resonator  (tlie 
counterpropagating  waves  in  fact  support  each  otlier  in  the  pltase-conjugate  resonator)  the  phase 
conjugate  g>Tos  can  use  hontogcneously  broadened  stdid  state  media.  In  addition,  improved 
lock-in  characteristics  have  been  predicted*^. 

4.  f  Uiels  and  1.  MeMtehael.  Ops.  ten.  6. 219  (1981);  M  Tcluarn.  IVoc.  SPIE  412. 186 
(1983);  P.  Vch,  J.  Tracy,  and  M.  Klioshncvisan.  Proc.  SPIE  412. 240  (1983). 
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demonstration  of  a  double  phase-conjugate  ring  oscillator 

AND  THE  SENSING  OF  NONRECIPROCAL  PHASE  SHIFl'S 


The  experimental  setup  of  our  double  phase-conjugate  ring  oscillator  is  sliown  at  titc  right  Light 
from  an  argon  laser  is  incident  on  a  BaTiOj  crystal  to  fonn  a  sclf-pumpcd  ’’cat”  conjugator.  llic 
ring  resonator  is  then  formed  by  inurms  M1-M3  and  die  crystal.  Greater  dian  unity 
phase-conjugate  reflectivity  via  four-wave  mixing  in  die  crystal  (tlie  incident  light  froni  die  laser 
and  its  conjugate  reflection  provide  die  counterprqiagating  pump  waves)  is  tlic  gain  source  for  die 
bidirectional  oscillations,  llie  outputs  from  Ml  were  combined  and  beat  on  detector  D.  As 
predicted  by  Uq.  3.  in  die  absence  of  any  noiucciptocal  phase  shift,  die  frequencies  of  die 
bidirectional  oscillations  are  very  nearly  degenerate,  and  we  measured  a  beat  frequency  -  10^  lie. 
Wlien  a  Faraday  cell  was  placed  in  die  oscillator  to  produce  a  noiuccijirocal  phase  stiifu,  the 
bidirectional  oscillatiotis  became  nondcgencraie.  and  we  measured  a  beat  irequency  -  0.2  Hz.  llie 
qualitative  dejiendenec  of  die  fringe  motion  at  detector  D  on  die  magnitude  and  direction  of  die 
magnetic  field  applied  to  die  Faraday  cell  agrees  with  die  diecwy.  Quantiudive  measurements  are  in 
progress. 
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Unlike  tiic  case  in  conventional  laset^,  (lie  frequencies  of  Uic  counicrpropagating 
oscillations  in  double  pltasc  conjugate  oscillators  are  nondegenerate,  and  tlieir  frequency  spbiting  is 
linearly  proportional  to  die  nonrcciprocal  phase  shift  in  titc  resonator.  Since  motion  produces 
nonreciprocal  phase  shifts,  these  oscillators  can  be  used  for  inertial  sensing  of  linear  and  rotational 
nrotion.  Finally,  wc  constructed  a  double  phase-conjugate  ring  oscillator  and  have  demortstrated 
its  abibty  to  lite  sense  notueciprocal  pitasc  sltifis. 

Tliis  research  was  partially  supported  by  the  U.S.  Air  Force  Office  of  Scicntiftc  Research 
under  contract  F49620-8S-C-0023. 
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Fig  3.  Double  phase-conjugate  ring  oscillator  formed  by  phase-conjugate 
mirror  PCM  and  conventional  mirrors  Ml  and  M2, 


